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ABSTRACT 


A mutant (co/]D1) of Arabidopsis thalania which is 
sensitive to chilling temperatures(13° - 16°C) was 
isolated and partially characterized. Temperature shift 
experiments demonstrate that the lethal effect of 
chilling is irreversiable after a four day exposure. 
The mutant shows an increased dark respiration rate and 
progressive loss of photosynthesis over this time 


period. 


Preliminary analysis using ‘'*CO, and'‘*C -Acetate 
feeding experiments suggest the mutation causes 
alterations in lipid metabolism. All other areas of 
carbon metabolism appear to_- show normal product 
distrubution. The alterations in lipid metabolism are 
not reflected in the unsaturation/saturation levels 
Suggesting that the changes at the total lipid pool 
level are small and cannot be detected by gas 


chromatography of total leaf fatty acids. 


The changes in Pip Ld metabolism could be 
responsible for the loss of the ability of the mutant 


to maintain fluid membranes at chilling temperatures. 


iv 


Pi "eta 
m_msS hanciese 


4 aye : 

7 ‘? - 
~ Ay n° 

é —_ ry wi 
a 7 — 


He are 


_ 


“aan @eizatiqeds, sich. Denteton. ze ee | sete aay 
omit @ias s1ac, si genzaven soi ic (eecl eviepstsbaq 
.20838q 


@7n3404-°2°“Sta <OO** esceu niegiahe yashititest 


Qeedey. nebfeid acc <sasvpue emsmineqés (@eoget— 


be. ddate YeNGe DIA .vellodsesm Sigil nit eneiiatesse 
Gsupesm Laide «wote o> fTesqge wa rloustee =ad@tsS 
975 mei lodessa: fibit sbiia@rsicetatia 47 .coltedhaewit 
gi4es). cotsgautés\ncitortssss sit ai begoetier sos 
Pose: Sigil iasos gis 2h e@derits i$f] 1662 enisescoue 
fey wi Sefsers 1% fonma srs tlame 36 lavel 


Be sabina ystei 3e0i fasow fo ygayecime ita” 
6 


ee 


Sigil 4: @epesia get, . 


a pin : 
330254. rrr ant +60 $s. 7Sn0neb patna 
aT) qpcts ‘sadta eittsigvevarsi SE ani ie iste: 


Aging sit to.2gnd ede vot insite 
pe ended, te Sand pultien, vs sine as oa 


7 


ACKNOWLEDGEMENTS 


if wish to express my sincere thanks to my 
Supervisor, ere ee R. Somerville, for his 
encouragement, guidance, and patience throughout the 


course of this study. I would also like to thank Dr. S- 
Somerville, Mr. Bob Grumbles, and Miss Kathy Cliff for 
helpfull discussion and valuable advice on the 
technical aspects of plant physiology. I am futher 
indepted to Mr. Ducan Campbell LOL the Gas 


Chromatography analysis. The expert assistance of Miss. 


Sibeal McCourt and Mr. Paul McCourt in Pinal 
preparation of the manuscript, is gratefully 
acknowledged. 


To my parents I extend special thanks for their 


enduring patience and moral support. 


wadved met pepe foleyds tpetg, -is eres Sect oes 
aed efit. (se) 9 [Tedqns? “stud, {48-  oP ‘hasgeknd 
aeit We soneseiess sags: 40% Vriaunaas KsqatAbs eaeTID 


Send nh steeceM = fled =. 2M. ede rweraih naaiz 


elivteserp r (§qizscurem «© sx. Pia nceoteseibend 
<< : : 0 7 7 a 

wieds aoDguneds [ologde)drerx= ¢ ‘esnessq Gry oT - 
.270qgee Lerch ers eoralee® oni shine 


Table of Contents 


Chapter Page 
Ee. EN RRO DU GH LON mmtercrsrscs acs ‘heres nge re enoet rene Menemaatr etree Petite sneer cues rs ] 
MomDtanewii 1 Sates 6s aeectee thet pete cree ae eaee aoe mare te cose g| 

JF al do $d og eater nae) Sa wipe re A Ae rant ee ier eis eS Mer eamupion 5 
PROCOSY MCN GSS eeevcmtetnuate rer tens etemestocsie ee ceeheisvete ators Ae 

GENER Ces LUC 16 Sm. ter enry cee tert smeuer ater re ita hte eet rere zas 16 

Pipe bie PA BANDEME THOUS ec cleleteegereie eke clots istste evetevensce to chen tane 2a 
GLOW ChE CONCUE Ons amare ectetenets te cise ents var otc trne gee 22 
Genetic.<CLrOSGeES Uy). wanceiere EO PI ae re 23 

Ga Semx CHAN Ges wielace ete er Or erersleun eves siaterntersiehers euewers 24 


MmCO, Labeling and* Separation of Products @. 24 


PhotosyncheticwblectLlomerrenSpOcum..- erat. 3 
GAS sin Ollila COOL ply, e./cistabsseathove: scotch ers supnensustersiatersas Se 
ee AC AL a Ce Ua Del LAN Ole. aedeests elu vicsetehorciaietetsi er ere 32 
epee ECs Ln Oe Mekcnel ets tcys ete a visteiela wtetone) she siete he esl otclaleneteiets -elraeusietc ns 34 
Milcant gUS0 LatslOnswerys crqsretere cial cetenaie eet ceeredch abe rea: 34 
GENneigveme LUC 16 Siem ac om tetoiaen errs Oa aoe DATS 37 
ERLCCUSOLSUEVESLOOMEN Calero G Cmirataienc cfs isteaelenensrs 38 
Onset of Injury Following A Temperature 
S diam eate gece are ceeke Ratan sc vts rs Menem eeteel siete ret Sof cool atstogereratses Shs! 
BRoeosynenes: = ANGs RESDl ret One tanten abeneels 43 
Photosynthetic Electron Transport. <........ Sr 
ECO RUA De Leb IO Al a LYS 1S ale ceter sueietenct<rtctatsen -Ralers She 
iT CHAGet eter ME EAUOL LSM mcramiep stele. cateyatel ste cist each: is) 
Gasecnromatography, Ol ehattyaAC1 GS setae 86 
eer LL 5 Ul SS ON Sa etcusten «Veuule atece te ecelereie! pcs lrhelelare pi chel si stnjecer ese ene sues 94 
RUCCHeMrca le CharaGLer 2a blo fiir creer ste. fehl ore 96 


vi 


ie 


y = } Teen oe 


oe PoE NBRS s.a%> view TURES, os 


> - > =~ 
wae ae : 


‘ 


atl 2 Seed eee sa cae 

Mi addareg fup4 idee sass 0s dseveege tata 233 
$6... aSebBex8 Yo Abi: arsqek cee ri taste opr 
CE. cns ete. SogeHe=T. nero oe ofredtngeoto@’ 
SE Dice ee kieran set --s sarees) Gee pOeMOAND ase = 
Shs vans asaiiibaasenc’ Galtteeed afasaon”- oF" | 
BD po 0 hag hilded sweet eee On sine sr ereeennas COMED 6 CTE 
Being cue owhles és s/t cedens> /Teigatgal divacun 
te ey ee ba dee oan > J9ned 
Biusnviccscseeey SBEto Leedsaee lave? to goattA 


gaiweliet Yura! to 
Wiieteans? at athe % Pv >- Rt an rr 


Bis aes 528 nditesiqeed bus eresesayrosant 
PEs <ioks see STOQENET norInels si seAiNyentods 
enitdahsnyenns + ac. 1REUNLORA Gabi Teed ,Co*' 
Wig W slaw te eb Gee. eb ees MatlodessM azszecA-> ba 
lnrabnee, ARES A 30, iam ito 
promt hes Aenean tne ae saleiantial 


P ae es sien ae ener Pw 
- 7 a 


Je > 


“+ deat ' 


a 


Bibliography 


C/O 0750) (ee pO) '8' 6) 6 0-0 6 ere 8 (@. 0 © 8 8 © © © 10 6 O 6 0 6) 8 6 6 6 ¢ ao 8 ©: © ee 


TABLE 


Riot Of TABLES 


The effect of chilling temperature on 
chlorophyll content of ARaicopets 
TMD OMmOal hy tease © eden as : Sh eee ALTE Di 


Effect of chilling temperature on 
photosynthetic electron transport 
iM rood rece or Ok eIieChLOnOD lac tS stes tists siercters crete 54 


Distubutionsol products -Ofei > min 
Ofe SCO, paSS1Mi Lat ronisats oni ling 
BeMPel a TUL CSaretetsiiois « sacversPorstetetegate tel Pexe lege ict eserves stores oi 57 


DiStubutponecohaproductsmok) 24 ehour 
Othe CO mmasSimiiation at @hillang 
temperatureS...... SOUR BHRE SS BORA cee so reper abst eters tests encien! 


'4C-Acetate labelling of Arabidopsis 
AT RVELVO) erect saaletetcnel stator pier eteiey eer enor eter seats sae fer- Tet stedete oi caterers 82 


Fatty acid composition of Arabidopsis 
StecriliNOmt CMmperaLUnesS 1 qskesi chorvistersrs ccerclancitoretir. 89 


Ratio of unsaturated to saturated major 


fatty acids of Arabidopsis following 
ExXDOSULeevOseCh 1 Il ing sLemperat ure 2.1. atte olen 5S Ge 90 


Vad 


9 Oe 
1 Seite ee 


fim 2! 
ealiiiads te") 


| eer et eee ee mee ase +asyes 


qupt_os t6 2selibe a4 a ‘ 
pOtikins sa’ ners iis 2a 
L. Sey) Pr eee ee re rea 
Bleundiayt i dom liadgoh siee e | 
. ee er Seu ate We e@eoee © 6 Soe he ee eV Vv a 7 


elegabi anh 2o ‘els Biv ade co 
Seb cavebegebva des dey 0cee apenas iron ? pa _ 


tora settot ot wissen ic ae 
pawl fol ota aoniaarh iat scenes 
Bence ress eee pyeeae ae Basecas (As ou ioe te 


FIGURE 


1 


BI SSCORCELGURES 


Schematic diagram of an apparatus for 


Tongetermel abe Ing sex perm Men US eters sister 


Effect of chilling temperature on the 


SilonrOphny i imcOntentmo feral OOOSI Seat tire 
Net CO, exchange of Aarbidopsis at 22°C .... 


Net CO, exchange of Aarbidopsis at 13°C .... 


Effect of exposure to chilling temperature 
on photosynthesis and dark respiration in 


ARADIGODSAGS creases sole uel: PEs Gie velar ois sine eho stelle eo 


Gas chromatography tracing of wild type 


BRAG TOODS | Series teri ece + PUG) tena he eres co ake ss eleers 


ix 


PAGE 


7 


— - 
Cs a 704..elee RG (2m GAPS ss atsemeese 
ss. — owe Oe oe trea Dieike palivedsi 7> Os aac 


, 4 7 = - 
-_ : ead? Gv erlaeienes? J’ ie J, $0373 $ 
fBegsacadeceuss 20 m4 ae : e7'O™ WAGE TAs 7 
* 
= 
® » <a. S : @ a a4 
CP ieGecees 2 Ss JC a Seley FZ pen 5 02 207 e 
Pou cceeces® te! 2 =e Gi es o>" BSUASN ITs (O79 fu . 
7 21447 eile i Litins Of aqiertits "a SaeltA 2 
at net7e5 ig 2 434b0O0g@ = rect iinle Dona? aa 
Bs Pevensie 2a oe e ss 6 6 se eo «6 . ae | nine 


eave bi: » DRiaee? Vadose ane we SAR “ 
. A =" 9 
Teh La} at! 


LIST OF PHOTOGRAPHIC PLATES 


PLATE PAGE 
I - Effect of temperature on growth of Arabidopsis 35 
bl TLC separation of neutral sugars from 

GL RS evolbha calfeW ole kalig eve p Gey GPE: 4 Awan pee en Pardee 60 
IL1 TLC separation of organic acids from 

See We Ouvye La bell noid tai leom Cum tert ccs. fesleret ete teloreeee es Oo 
IV TLC separation of amino acids from 

Ey iain Sovel Shaw sire Wo taaley le pyopmirey ss Whe V ran yy eA A Een eS 65 
V TLC separation of non polar compounds 

napeko lib teh ELD oy Sra al-Way-w lusmgye) bramel iherr © PP Aue ieee A 69 
Vi¢ Two dimensional separation of non polar 

compounds from a 24 hour labellingeat 13°C.7.... V2 
VII TLC separation of neutral compounds 

PO Mma we Gen OUtee abe D1 110 © a lee ion Cue et erent ee termes tees 74 
Vb Tt TLC separation of non polar compounds 

Bromma. 4 NOU la Ded)'1 NG 7a beer oe merce. i oletcredar eres careers aha 
IX TLC separation of non polar compounds 


froma .G-ACetLate JN VIVOsLabelLlingudte JaGann sos 


_ 
— 


‘ 


a 
- 


- cA _ is banal ieee resiiars 
7 -*. cele adn: 
DResvecdinnnirscsenser at s 
aa ¢ : _ 


th..... cys aap =v De 


mA eae 
BO. 02nd tv dates > - cr 26 a gh Lseht “feu te nae a 


tkleq ida 46 acid tv . 
Bidens OE Se @ bariindat won or ar adored Gialeaeos - 
seven Tettven ie nd zereege Bar rw 
ON 2 ap) dine tee Opes a ap) onid (see! tod, #2 & Mor? 
come 34 Wsioy ren to nobessagee IT rv 
OY nes Cada wis « 5 te oni liadal mot (6 ao watt be! 


. | nan 4 ; 
PS erst ore ‘at Le a tcnat si 


I. INTRODUCTION 

Genetic variabilty associated with response to 
temperature can be observed at many levels of organization 
in the plant kingdom. This diversity has probably evolved as 
a result of the various microclimates associated with this 
planet. In general, plants have adapted to a limited range 
of enviromental conditions. If one of the conditions change 
beyond the range of adaption, the plant becomes stressed. 

For example, while many species normally found in 
tropical and SUbDErOpica limiregionsieatesr injured mbysk low 
temperatures above 0°C, numerous temperate zone species can 
withstand freezing temperatures. Plants may, therefore be 
artifically subdivided into cold hardy and cold sensitive 
species. Cold sensitive plants are those which are killed or 
seriously injured by temperatures which may range from just 
above the freezing point of the tissue up to 15 - 20°C in 
some cases. An extreme example in this regard is Tidestromia 
oblongifolia, a shrub from Death Valley California, which 
has an optimum temperature of photosynthesis of 45°C. At 
20°C or less photosynthesis stops and dormancy is induced 
(Bjorkman 1980). In general, the severity of damage incurred 
by “chilling ofecold sensitivelspecies usually ancreasesias 
temperature is progressively reduced below some threshold 
level) sand) sis “time-dependents (Lyon efraiy; 1979) << Piants 
ablesibo grows Neary szerogydegreeshi Celsiusy aresicilassified 


chilling resistant. 
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There 1s no obligate relationship between optimal 
growth temperature and Sensubivityemonryresistance ito 
ehulblingsSyForeninstancetepotatorctand! tomatetahave similar 
Penpesatune soprimmam buteatheLvformerlers chi bingenesistant 
whereas the the other is extremely sensitive. While 
considerable information has been assembled in regard to the 
prenomenoreohtahublbing@injurypebittles® ts eknownotabouts the 
exact sequence and timing of events at the cellular and 
mokecyulanthrevel sil fiones ismiultimatelys goingysto Timprove 
plant resistance to low temperature for the purposes of 
agriculture and horticulture one must : (1) characterize the 
Stress imposed on the plant; (2) determine the repercussions 
ofestress ton ‘thetceblular eenvrronment: eandy=(3) «determine 
what constitutes injury at the cellular and molecular level. 
The experimental approach to understanding these three 
parameters has largely taken the form of comparaitive 
piyseicohogymeotetcoltd hardyisand cold Bsensptive species. 
However, it has been difficult to attribute specific effects 
to differences that are found because of the broad 
differences in genetic background between resistant and 
sensitive species. Although Lycopersicon sp (tomato) and Zea 
mays (corn) are evolutionarily distant, the argument is that 
they must share a trait or number of traits that render them 
Ghiliimqeusensitives. «On thesbasistof§thisirationaletcertain 
aspects of plant physiology have intensively studied in the 
hope of identifying the unifying chilling SG sy tra vt 
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Membrane lipids 

The most strenuously advanced theory of chilling 
sensitivity concerns the effect of temperature on the 
mobility of membrane lipids (Lyon, 1972). At low temperature 
lipid bilayers become crystalline with lipids tightly packed 
together. SAS -the stemperature is raised above a’ transition 
temperature the spacing increases. The bilayer continues to 
adhere buttthe fattylacidsemeltrandvaresfiree tonrotatesoThis 
flexibility of individual lipid molecules is termed fluidity 
and is believed to be the state suitable for life processes. 

When the temperature is lowered to the transition 
temperature the lipid bilayer starts to change to the solid 
non functional state. The activity of enzymes, structural 
proteins and/or transporters embedded in or attached to 
these membranes are dependent on the fluidity of the 
membrane. By disrupting the activity of one or more of the 
membrane associated functions by a low temperature 
transition cellular metabolism may be abruptly altered. 

Drastic changes in various physiological activities 
have been observed in the vicinity of these transition 
temperatures. For example, mitochondrial membranes’ from 
chilling sensitive plant species (Raison et al, 1971; Raison 
and Chapman 1976) and chloroplast membranes (Raison 1974) 
all exhibited physical phase transitions in response to 
temperature. The phospholipids extracted from each of these 
membranes undergo a phase transition as discerned by 


electron spin resonance at the same critical temperature 
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observed for intact membranes and these transitions could be 
corredated (jwithi@visual™ meltsi) of? sdefined! lipidrcsystems 
(Mehlhorn et al, 1973). 

In general, the transition temperature can be expected 
to depend on the lipid species as well as chain length and 
JeguecvoOresaturation of theafattytacidueonstwtuents ethisias 
illustrated by studies of Anacystis nidulans, a blue green 
alga. In this organism the degree of saturation of membrane 
lipids is strongly dependant on growth temperature (Halton 
et al, 1964). As the temperature increases the degree of 
Saturation also increases. Moreover 0, evolution, electron 
transport and other indices of photosynthetic function show 
abrupt changes at phase transition temperatures (Murata and 
Folk; feu SP 5eneetThese studies® indicategead possibile Scausal 
relationship between the degree of lipid saturation, phase 
transitions, and photosynthetic function. 

Unequivocal evidence in favour of this hypothesis’ has 
not yet been obtained in higher plants. Decreases in 
temperature have been shown to cause increases in the degree 
of unsaturation in some higher plants. Transfer of Brassica 
napus (rapeseed) to 5°C leads to increases in the level ‘of 
linolenic (18:3) acid in the roots and leaves (Smolenska and 
Kin paste S77Or This increase was most evident in 
phosphatidylcholine and phosphatidylethanolamine fractions 
of the leaves, and in the neutral lipids and an unidentified 
phospholipid from the roots. In studies of roots from Secale 
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phosphatidylcholine declined while phosphatidylethanolamine 
increased (Clarkson et al, 1980). The acyl lipids contained 
an increased proportion of linolenic acid (18:3) at the 
Expensemect flinclere @actd @(198:2)4 eeHowevereethend tordstort 
chilling sensitive Ipomaea batatas (sweet potato) have 
hagherooproportions; of unsaturationsthan! lipids: of chilling 
resistent Solanum  andigena (potato) (Yamaki and 
Uritani,1972) Compositional comparisons of phospholipids, 
fatty acids and sterols between seeds of Pisum sativum (Pea) 
and Glycine max (soybean) show few differences although 
germination of soybean is inhibited by the cold (Priestly 
and Becpoldmei 930 ywegPolar Lhiptdsttandrethei resdegqrecsior 
unsaturation from leaves of Passiflora species which varied 
rn resistance toWichil@ingenwerevefoundelito berysimitar 
(Patterson 1978). Therefore, unlike the simpler systems such 
as blue green algae and bacteria, the whole plant analysis 
of cold hardiness has proven complex. This has led to 
attempts to subdivide the problem by examining specific 
effects of temperature on component physiological processes. 
Dark Respiration 

Research in this area has been dominated by the 
observation that many membrane bound enzymes associated with 
the mitochondria of chilling sensitive plants show nonlinear 
Arrhenius plots with an increase in the activation energy of 
Siemenzymeebe lowwabout)10)=edZeCaeThenbasice@principlesbehind 
an Arrhenius plot 1s that reaction rates increase 


exponentially with temperature. When experimental results of 
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these rate measurements at different temperatures are 
plotted as log rate versus the reciprocal of the absolute 
temperature, the Ea or Arrhenius activation energy can be 
determined from the slope of the line. The expectation for 
brolteqicalmesystems hefromesArrhenius |! stheory leis © a linear 
relationship from freezing to denaturation temperatures. The 
exmeLenecesonvamebtealmrcdiscontinuiey in the sslope s ofmean 
Arrhenius plot can be explained by the occurrence of a phase 
change occuring at that temperature. In studies of oxidative 
aGCmViCyNLOlPei solvated) mitochondriarirom ehilbimgeresistante 
pliant wspecies s agglineary plotd-wasatfound wrth constant 
activation energy over a temperature range from 1 - 25°C 
CGyon sands @Ravsongeato7 3) eeaplnaticontrasts the aemrtcochondrial 
respiration from chilling sensitive species exhibited a 
Ossconuinunt ylinmathe wslopedativilveseei124G,) meithieatemanvked 
increase in Ea below the "break" temperature. This indicates 
that the intermediate or direct effect of low temperature on 
these species is to supress mitochondrial respiration. 
However, not all tissue respiration follows this 
pattern. Germination of Cucumis sativa (cucumber) and Vigna 
radiata L. (mung bean) seeds show a "break" atbradlsec 
Endicatingesthe aprocess veiserchirlbing sensitive whereasethe 
fatemotrespiration los the igimbiled (seedseidecreasecdmeunges 
linear fashion as the temperature was reduced to 5°C (Simon 
eheah, ©1975) erSimmlarily@linear Arrhenius@iplots “haveg@been 
obtained for pollen respiration of tomatoes (Patterson et 


al, 1979). Mitochondrial respiration of Cornus stolonifera 
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callus shows chilling injury below 13°C though intact plants 
of this species are frost tolerant (Yoshida and Tagawa 
1979). These results suggest that although the mitochondria 
of chilling sensitive plants respond more dramatically to 
lower temperature than those from tolerant plants under the 
Same circumstances, disruptions of mitochondrial respiration 
might not be the primary effect. 

In some Species, however, mitochondrial cold 
Sensltavityimaylbeesufficientstosaccounteformsensitivity: eof 
thetipiant.*Forsexample eEpisicatnreptans, astropicalslowland 
plant which is extremely cold-sensitive, shows dramatic 
increaseperangerespirationawithins 2mhoursMotichilbings (Wiksoen 
1979). This increased respiration rate is also seen in 
Xanthium strumar ium (Drake and, @Raschke 28 1924) Sue Thos 
observation of massive oxidative reactions has tentatively 
been attributed to peroxidation of disintegrating membrane 
components and general permability of cell membranes (Wilson 
1979). These observations led the author to propose two 
Caveqonies checoldmsensitiven plantstesTherm@firstemciass fxs 
extremely chilling sensitive and cannot be chill hardened at 
p2oGeand s>vucelativeshumiditys(RoHije aon, dnoughtiehardencd 
at 25°C and 40% R.H. Even prolonged periods of acclimation 
aAbei5&Caresultseinelittlemincrease. ihiwehrlling® tolerances 
Maintaining a saturated atmosphere at 5°C does not delay the 
onset of injury (eg,£. reptans, E. cupreata, N. Tlynchii). 
The second class is less sensitive to chilling and drought 


and can be protected against chilling injury at 526. stores 
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days if the atmosphere is water saturated. Also these plants 
can be chill- and drought-hardened to some degree (eg 
Phaseolus vulgaris, Cucumis sativus, Gossypium hirsutum) 
(Wilson 1979). 

Obviously these categories are based on artifical 
arStincewouse In Neaturempone Twoulc@hexpect Peto. fandi@a 
continuous gradation of chilling sensitivity such as that 
found in related Passiflora species. The Lyon - Raison 
hypothesis is flawed for a similar reason since it predicts 
a critical temperature below which some vital process cannot 
be maintained. However, plant survival is dependent not only 
on temperature but also irradiance, (McWilliam and Naylan 
1967) humidity’ » (Wright a@ndrSimion! 1973) Land’ the amountorot 
cold hardening it has received (i.e.,exposure to low but not 
chrllangi@temperatuce)e (Guinn P1974) 25 Thustietheremeiseeno 
critical temerature below which a plant always dies and 
above which it always lives. Furthermore the temperature at 
Which af break occur indethes” slope Bcf PanvAnrheniusaplot 
depends on the parameter been measured. For example, the 
rate of increase in dry weight , leaf area, and length of 
hypocotyl plus radicle of Vigna radiata L. (mung bean) and 
Pharbitis nil chois (morning glory) all show marked 
responses to decreased temperature, although when drawn as 
Arrhenius plots the responses resembles a smooth curve 
rather than a set of intersecting lines (Bagnall and Wolfe 
1978) ¢ This'has led the authors to argue that changes in the 


membrane fluidity might not be expected to cause abrupt 
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changes in the slope of Arrhenius plots at either the enzyme 
or whole plant level. A bilayer made of one species of lipid 
only and containing no protein, will, over a small range of 
temperature, change its molecular mobility drastically from 
Piura bomsolidgstatewre The abilayerehingethelamembranesioivea 
living organism is more complex (Lyon et al, 1964). Several 
Or many species of lipids are present and proteins are 
embedded in the membrane. As the temperature of such a 
mixture 1S lowered it separates into domains of different 
composition and thus small regions of frozen lipid appear in 
an otherwise fluid bilayer (Lee 1977). These increase in 
size as the temperature is lowered until eventually the 
whole bilayer is frozen. Therefore the bilayer 1s composed 
of domains of various compositions some frozen, some fluid 
over a wide temperature range. Proteins further complicate 
matters by perturbing the membrane. The boundary layer of 
lipids around a protein is in a different environment from 
thosepect) bulk Slaeprdsp Gdosteetia]),19/73%erThus; vitemayebe 
argued that changes in conformation will not occur in all 
membrane proteins at the same temperature due to the complex 
composition of the membrane. The implication is that enzyme 
jActivatyyeis daeecontinuousgiunction offsemperature grerhaps 
bhasemeqhteexsplain, in part, the inconsistency of “Arrhenius 
plots in determining phase transitions. 
Photosynthesis 

ae common feature associated with chilling injury is a 


reduction in photosynthesis which occurs 12 - 24 hours after 
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ehil bing (Bercuy sane Biorkmann 1980) heMartinteer! a] yeitss1): 
This” observation® is generally consistent with “the Lyon 
Raison hypothesis of phase transitions since many of the 
reactions of the photosynthetic process are associated with 
membranes. Temperature induced changes in the bilayer 
structure Or composition of these membranes might be 
expected to have significant effects on the overall rate of 
photosynthesis. 

Tne Generally ereduct icons tol iphotosynthetreltcapacity tis 
progressive with increased time of exposure to _ low 
temperature. This has been interpreted as evidence that the 
maintainance of the photosynthetic apparatus is affected 
Fathenmeuhan inactivation of -Sam specifics component®™ of Sthe 
photosynthetic apparatus. 

Chlorosis ne apparent in many thermophillic plants 
Subjected to chilling temperature (Slack et al, 1974; 
McWilliam and Naylor 1967). However in Lycospersicon 
(tomatoes) and Xanthium strumarium L. a thermophillic weed, 
there is little decrease in the chlorophyll content of the 
leaves as photosynthesis declines (Drake and Raschke 1974; 
Martinaeenm cuewigca Furthermore, this decrease in 
chlorophyll cannot account POPmecnes@overal Pew@dropeeun 
photosynthesis. 

Prechilling also causes a reduction in stomatal 
aperture WeDrakewand BRaschke 1974) and oihas @Wedeutcotythe 
proposal’ that this effect might play a role in®reduction ‘of 


photosynthesis by causing increased stomatal resistance to 
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CO, flux (Crookstan et a], 1974). The results of studies in 
which net photosynthesis is measured at different CO, 
concentratrons Ain) theifambient sairnpiconflict’ with this 
hypothesis (Drake and Raschke 1974; Martin et a], 1981). The 
reasoning behind their experiments was that stomatal 
contributions at normal atmospheric CO, concentrations can 
be overcome if any decrease in intercellular Gos 
concentrations are reversed by increasing the ambient CO, 
levels. Any remaining inhibition of photosynthesis after 
readjustment of intercellular CO, concentration to the level 
existing prior to chilling must be due to direct impairment 
of one or more processes in the chloroplast. Results of 
experments with both tomatoes and Xanthium show 
photosynthesis remained depressed by up to 37% in chilled 
leaves versus controls. Furthermore the intercellular 
concentration at which one half the maximum rate of net 
photosynthesis was attained was the same in prechilled and 
control plants. This suggests that prechilling affects the 
maximal rate of net photosynthesis but not the Sosa 
affinity of the assimilatory apparatus for CO, 

Starch accumulates in the cold in leaves of some 
species and can damage the photosynthetic apparatus (Forde 
Eeieaim 1575)e Howevere tin bSornghumeabicolors @starch@eievelis 
dependmmon BLhemestaccm O1m Gtiurnalepenrodmrhacyoniehingars 
applied. Less starch accumulates in Penniset ium cultivars 
Guownis gate 10m/ioeCmecomparced Sto 240/719;Gyandgstarch grains 


visibly decrease in size on transfer from high to lower 
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growth temperatures (Pearson et a], 1977) 

When jgleaves@,ot Sorghum Dicoloraweretfedset ‘CO,fate i0k¢ 
ingithemiaghtyewabel accumulatedsin aspartaterand’ was Slowtto 
move into normal photosynthetic pathways (Brooking and 
Dayvoramucd Voelseveral? coldm@tolerantapor@eparntially- cold 
folerantem@specaesse(lojium sp.,l.Paspolumi dilatatium, and 
Glycine max) showed a large accumulation of free amino acids 
related to C4 metabolism suggesting a disturbance in normal 
C4 photosynthesis. The photosynthetic PEP carboxylase of 
some C4 plants is cold sensitive (Uedan et a], 1976) and 
could account at least partially for depressed 
photosynthesis in C4 species in the cold. 

Pyruvate othophosphate dikinase, an enzyme which serves 
in C4 photosynthesis to regenerate the primary CO, acceptor 
dissociated to an inactive form at low temperature and _ the 
Rave Oteveinactuwatnoneadn .vitros differs according to7the 
species from which the enzyme is extracted (Shirahashi et 
al, 1978: Sugiyama et al, 1979 ). The enzyme from species 
that are successful at low temperature is more stable at low 
temperature. Effects of cold treatment in vivo on the 
extractable enzyme activity of pyruvate othophosphate 
dikinase seems to be correlated with the overall sensitivity 
to the cold of the species used (Sugiyama et a], 1979). 

Many plants with the C4 pathway of photosynthesis are 
Chiba nomsensutiverpandeat onevtamey itpeseemedgp likey) ehat 
Somessistepieumsc4 metabolismi was) unusual lyesensativertoglow 


temperature. As noted in the previous discussion no one step 
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can be found. Recently two C4 species native to cool regions 
were Broundmato@egrow  iwell@intlaboratory studies@at.8acc and 
biochemica bastudies (did inotedetect /tanyesdisnuption= vot” the 
normal metabolic sequence of C4 photosynthesis at low 
temperature (Caldwell et a], 1977). Many C3 species from 
these negqions tare falisotechilling) sensitive. s@eThus)y the 
Sens Oey bay BO net hese 1¢4eplants Siokchibhingtisw probablye not 
characteristic of C4 photosynthesis. 

The effect of temperature on photochemical activities 
HaS@ebeem compared! Gin’ thylakotease@uisolatede from chilling 
Sensitive endiichillbing@ resnstant plantse (Margubieses1972: 
Shenyour et al, 1973). Phaseolus vulgaris (bean) leaves that 
have been aged for less than 2 days at O0°C yield thylakoids 
with @eléss® thane15% DCIP “om /NADP*® (Hill reactionsactivity las 
compared to fresh leaves. This activity 1S rapidly regained 
when leaves are placed in the light (Margulies 1972). 
Although photosystem II appears to be affected, photosystem 
WRaGeivrtyieism@inob® losteesince pawhenathylako1dsetromiaged 
leaves are supplied with DCIP and ascorbate, they reduce 
NADP. 

Many of these original results are now being questioned 
because of the finding that both darkness and detachment of 
leaves from the plant are more effective than cold treatment 
in damaging photosystem II (Kanuiga et aj], 1978). When 
tomate: plantsmaresexposed ond CG inpintermittant LighepyeHi it 
react lon PeaGtuivitymeus penountatfected ~wivlesdarkestoragéegax 
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heactiLOnsat tive Lyi after ai Gedaystathylakouds prepareds from 
tworechi llangm@sensitivel iplants¢n ; beanteandetomato)dand! two 
chilling resistant plants pea and lettuce, were measured for 
photochemical activity over a temperature range of 3 - 27°C. 
Both the photoreduction of NADP* from reduced DCIP and 
ferredoxin NADP* reductase (EC1.6.99.4) activity fot 
chloroplasts of chilling sensitive plants show increase in 
activation energies (Ea) at approximately 12°C whereas 
photosystem II activity of the thylakoids shows a constant 
activation energy over the temperature range. The chilling 
resistant plants showed constant activation energies for 
NADP* photoreduction over the same temparature range. The 
resultsisuggest?ethat. chilling? effectse are! localized! sto 
photosystem I (Shneyour et a], 1973). Others have found that 
thylakoids isolated from Spinacia oleracea L. (spinach) a 
chilling resistant plant were inactivated when exposed to 
light at 4 °C. This observation creates uncertainty as to 
whether resistance of spinach thylakoids in vivo to chilling 
temperature! wis ©solely Sasetfinetione of the chloroplast 
thylakoid membrane and suggests caution when using in vitro 
results to make inferences about in vivo observations. The 
Studies on photosynthesis described here demonstrate that 
the process can be broken down into 3 categories: 
baochemical, COj)diffusivon, andy photochemical) Bachwoie these 
can be affected differently by diverse factors present in 
ENemesucround ing menvitonment ..— since many. e0l se) thece@ethree 


processes can be limiting under different environments, 
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plants have most likely evolved mechanisms of adapation to 
overcome a particular limitation. Temperature could effect 
these three processes of photosynthesis in different ways. 
For example disruption in membrane function should effect 
photochemical reactions since they are embedded in 
membranes. Dark reaction enzymes are soluble and should not 
be affected directly by membrane disruption. The diffusion 
of CO, from the atmosphere to the site of carboxylation ts 
affected by temperature, since diffusion iS a temperature 
dependant parameter. This in turn would affect biochemical 
reactions of the Carbon cycle which are also dependant on 
temperature andaponsecOss concentrationmiatdsther sitepilo£ 
carboxylation. The point is that each one of these processes 
can be directly affected by temperature which will in turn 
affect the other processes since they depend on one another. 
This makes physiological studies on the primary effects of 
temperature on photosynthesis very difficult to interpret. A 
Systematic study of a simple system or mechanism will most 
likely involve direct measurment of its components and 
factorstw@that PdirectlyaafiecterhelsystemytHowever; for more 
complex systems such as chilling effects and mechanisms of 
Chn ideng@etolerancetithiss Cypeseof) studytihasyrailedgandia 
dither entmapproachishouldebestakens |Thise hasapled evo ithe 
approach Oc musSmigemgencticably Scontrolled dubferencesefior 


studies of temperature effects on plant systems. 
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Genetic Studies 


Little is known at present about regulation of gene 
expression for chilling sensitivity by biochemical and 
enyeronnental @afactors, SlOfenobvicuseinterest tsethem@rolesot 
temperature GitseliG as Sa apdtenttalayregulator of gene 
expression. Of the genetic studies done in determining the 
mechanisms of chilling sensitivity or resistance three major 
approaches Pehavepnbéenususedvgithe frrstemethodristtoustudy 
species which are closely related and yet which have very 
different degrees of chilling resistance. In this way it is 
hoped that genotypic factors not connected with adaptation 
to different temperatures would be minimized. For example, 
Studies with Passiflora species with varying tolerance to 
temperature stress have shown that species originating from 
tropical lowlands are much _ more susceptible to low 
temperature damage than those from higher altitudes and 
cooler environments (Patterson etpatais 1976). Using 
electrolyte leakage as an indveator! SofMeresistances 
Passiflora species were ranked for sensitivity to chilling 
temperatures. Plants that leaked electrolytes after a 6 hour 
period were classified as chilling sensitive. The amount of 
leakage determined the the degree of sensitivity. Using this 
method, they classified the species in the order P.caerulea 
aed i hiseaiciAcinnataminalhifonmisectf lavicaenpares; enyouids 
Ssuchkasmpnislavicapraléx. cincinnatavioccupied sintermediate 
positions , although one F, individuals of P. maliformis x 


caerulea and P. flavicarpa x caerulea rank with P. caerulea 
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in this test. There is a continuum between the sensitive and 
resistant ends of the range suggests that chilling 
besistancevin PassSif/Orpaeis nothan ablGosenonemresponse, bur 
depends on some kind of gene dosage effect. The expression 
of a number of genes in an additive way could explain the 
results. 

The second method used to study gene expression of 
chilling resistant has involved the formation of somatic 
hybrids of chilling sensitive tomatoes and chilling 
resistance’ potatoes (Melchers ef a], 1977). Somatic hybrids 
abelpormedtuby BrhebetusionpectastwoW phenotypically marked 
protoplasts from different Species. Susceptability to 
Shiga ingeuingury® Tas) incdweatedeeby® changesegine thei ldank 
beguctionasos cytochromesit Pint Peavestistoredvatgoelcuwas 
measured in four of the Sonstie hybrid tomato-potato 
hybrids. All four showed enhanced resistance compared with 
tomato, but were less resistant than potato. As before, this 
can be interpreted as evidence that there are multiple genes 
involved in chilling resistance. 

However a certain amount of caution should be employed 
in interpreting the results obtained from the two previous 
methods. All plants used invtsall these ~experiments are 
seperate species and have been grown in quite different 
environment Plants evolve to adapt to a complete range of 
environmental variables, if any of those environmental 
components extend beyond that range the plant will be 


stressed. For example, Passiflora species native to high 
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altitude environments have not only adapted to chilling 
temperatures but must also adapt to less humidity and 
different CO, and 0, levels than species growing at sea 
level. Therefore adaption to a certain environment is a 
complex phenomonen and not necessarily restricted to one 
factor in that environment. 

The third general method used in understanding the 
genetic mechanisms of chilling resistance has involved plant 
tissue and cell culture. The isolation of chilling resistant 
cell lines from Nicotiana sylvestris and Capsicum anniuum 
callus culture has been reported (Dix and Street 1976). 
These lines were obtained by selecting for survival of ethyl 
methane sulfonate (EMS) treated cells submitted to chilling 
LOMmmeciemoaysegat sencitand +5caCarespectivelyenUntiortunatly 
tobacco plants could not be regenerated from some cell lines 
and callus derived from seedling progeny was sensitive in 
others. (Dix 1977). Plants could not be regenerated from 
resistant or sensitive C. annuum cultures. It was concluded 
that the loss of resistance in N. sylvestris resulted from a 
fairly stable epigenetic change, persistent through an 
indefans cemnumbeneolmmEtotic divisionsPinicelipcultureyen bur 
lost during the plants sexual cycle. Alternative 
explanations for the loss of resistance, such as continual 
segregation in culture giving rise to chimeral plants cannot 
be ruled out. 

In principle, the problems encountered in interpreting 


the effects of low temperature on hybrids of genetically 
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dustanceieplankSweor scalklus tissue culture could be 
circumvented if it were possible to compare plants which are 
genetically identical except for single mutations which 
alter their cold sensitivity. This approach would offer the 
distinct advantage of genetic analysis of each component 
that confers hardiness. 

There are some conceptual problems with this approach. 
Bigea Bmutethion | bis introducedeintotalcoldghardyrsplantewhich 
makes an enzyme cold temperature sensitive, (i.e., a 
missense mutation) and this enzyme is vital to the plants 
Viabriunty bit would arendersithes coldagshardyouptant cold 
sensitive. However, the mechanism of cold sensitivity would 
have nothing in common with that seen in natural systems. 
Conditional cold sensitive mutants have been isolated in 
bacteria and lower eukaryotes (Russel et al, 1980; 
Picard-Bennoun and Le Cage 1980). The majority of these are 
defective in the biosynthesis of cytoplasmic ribosomes, 
although some bacterial cold sensitives are auxotrophs 
(Abd-el-al and Ingraham 1969). It is probably possible to 
make many enzymatic functions cold - temperature sensitive. 
That such mutations have not been observed more frequently 
may simply reflect that the effort has not been as intensive 
as for the identification of hot - temperature sensitive 
mutants. 

One possible way to distinguish between a mutation 
disrupting a chilling resistance function in an organism and 


a simple temperature sensitive (Tsimimutantemiswnthat Behe 
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former should always be expressed but its effects will not 
beve scene under enoni permissiveeconditions:eAynormalecoldstTs 
mutant will only show altered metabolism under restrictive 
temperaturesieAnsexceprionetertha secraterton wouldabemd faethe 
natural mechanism of chilling resistance is inducible, in 
which case the mutation confering temperature sensitivity 
would not be expressed in all conditions. The possibility 
that an inducible resistance system exists can be tested. 
The wild type cold hardy plant should show changes in some 
aspect of metabolism as the temperature is lowered. In 
contrast the chilling sensitive mutant should show a 
different pattern of metabolism with respect to wild type as 
the temperature is lowered because the resistance 
mechanism(s) cannot be induced. Such analysis might, 
however, become complicated because of dramatic changes in 
many aspects of metabolism as the sensitive mutant becomes 
stressed. 

It should be emphasized that many functions in the 
mutant should show alterations under non permissive 
conditions if the mechanism for resistance is central to all 
stages of development, tissue and/or organelles of the 
plant. Thus if sensitivity is dependent on the tissue/organ 
exposed or the stage of development this implies the plant 
has aa tumbers  Ofm. mechanssms Hiormecopinglewithemchs lding 
temperatures or that the structures affected by chilling are 
not! present in’ all areassat differentsstagesvofsthesplant 


luiencycles itmonemweresto find a plant system which only 
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showed sensitivity to the cold at certain stages of its 
development this might provide clues as to what mechanisms 
are involved in chilling resistance. 

in’ ipminciple, the rsolation cof mutants withidefects "in 
"cold tolerance genes" should allow one to minimize both 
genotypic and environmental variables thereby facilitating 
physiological analyses of chilling sensitivity. If mutants 
with defects in the mechanism(s) involved in chilling 
resistance can be isolated it should permit delineation of 
the complexity of responsible mechanisms by complementation 
studies and investigation of whether a second site mutation 
can restore resistance to the plant. Such information could 
besinstuuctive timvattempts brommaketch#ll ung tsensitiveaplants 
resistant. 

Arabidopsis thaliana (L.) Heynh is well suited for such 
ameesSeuey Wins 8G ve normally a cold hardy plant. In addition, 
the small size and short life cycle facilitates screening of 
large populations of M2 plants for cold sensitive mutants 
(Redi 1975). 

This study describes the preliminary analysis of one 
such variant which exhibits extreme chilling sensitivity and 
dies after four days at temperatures below 16°C but is 
essentially indistinguishable from wild type at temperatures 
abovwesseee 7Cla Gtleeis!) ebeliveved to tbe thesfirnstirepontromra 
mutation which confers cold sensitivity on a higher plant. 
Preliminary evidence suggests the cold sensitive mutant has 


altered lipid metabolism. 
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II. MATERIAL AND METHODS 
Growth Conditions 

Arabidopsis thaliana (L.) Heynh., race Columbia, was 
used in this study. The seed source for the mutant search 
was an M2 population of ethyl-methane sulfonate treated seed 
provided by C.R.S. (Somerville and Ogren, 1979). Mutant PM11 
was originally retained in a screen of M2 seedlings at the 4 
leaf stage for plants sensitive to high levels of CO, (1%) 
but was subsequently found to be cold temperature sensitive. 

Physiological experiments were preformed on M4 or M5 
advanced generations. All plants, wild type and mutant 
derivatives were grown under continuous flourescent 
illumination (200 - 300 uEinsteins m~*s~') at 21°C and 60% 
relative humidity. Most physiological and phenotyping 
experiments were done under the same conditions except the 
temperature was 13°C. 

Plants were sown by suspending seeds in a 0.15% agar 
solution and pipeting approximately 100 seeds into 5 inch 
pots containing a perlite:vermiculite:sphagnum mixture 
(1:1:1) overlaid with fine vermiculite. Pots were soaked 
with a nutrient solution (1 litre/pot) before seeding and 
wrapped in saran wrap for one week. Once seedlings were 
established they were watered twice a week with nutrient 
solution and every other day with water. The nutrient 
solution is prepared from the following stock solution: 

1.0 M KNO,, 5 ml 


1.0 M KPO, (adjusted to pH 6.50), 2.5 ml 
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ike COMMEMGSO., ©2.0 om. 

In DOMGCStNOEY 2S 200 ems 

1.8% (w/v) Sequstrene 330 Fe, 2.0 ml 

Micronutrient solution (70 mM H,BO,, 14 mM MnCl,, 0.5 mM 
CUSO 7.7, (J eMMEZHSOGMOS2 mMeSNaMooge 10@ mMpeNaCIs, 0001 
Cacia) tonemt 
H20598525om! 

For certain experiments, plants were grown under 
SterpheBconditionsion pebtrimplatesiacontaining BainZ% wagar 
medium with the same chemical composition as the nutrient 
solution. Seeds were surface sterilized by soaking in a 
iween=oome(2 Sdrops/1008 mi) paes0%echhoroxisol ution ifonefive 
minutes. This was followed by three washes in 70% ethanol 
and three washes in distilled water. The petri plates were 
sealed with parafilm. Plants could be grown to reproductive 
maturity under these conditions. 

Genetic Crosses 

Arabidopsis is normally a self pollinating species. 
Mutant and wild type plants were crossed by emasculating a 
mutant female flower and hand pollinating with the wild type 
used as the male. F, plants from these crosses were tested 
for the cold temperature phenotype. The phenotype was scored 
by a yellowing of plant leaves after a four day exposure to 
non-permissive temperatures (13°C). F, seed was collected 


and tested for segregation studies of the mutant phenotype. 
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Gas Exchange 

Photesynthetiom CO79-gfixation sandtdanksnesprucation ewas 
measured by a system similar to that described by Somerville 
and Ogren (1982). An Analytical Development Co. Infrared Gas 
analyser (IRGA) type-225 was used to measure COs 
concentrations in the system. Dry gas of desired composition 
was humidified to about 70% to avoid descication of the 
plant. The gas was then passed through a chamber, containing 
a single plant, which was immersed in a circulating water 
bath so that the temperature at which gas exchange occured 
could be controlled. The gas stream was then dehumidified 
before entry to the IRGA by passing through a cold finger at 
4°C and CO, levels in the gas stream were measured in the 
differential mode. The flow rates for this open system were 
determined by a Tylan mass flow meter. Light intensity was 
approximately 350 uEinsteins m~’s~'. The gas composition, 
flow rate and temperature are given with each experiment. 
*4CO, Labeling and Separation of Products 

Short term '‘*CO, labeling of products of photosynthesis 
was done as described by Somerville and Ogren (1982). Four 
plants were equiliberated in the dark for about 10 minutes, 
thegksystem wase'ithenseclosede and: ef0vauCivofecanrier viree 
NaH'‘CO, was injected into a resevoir of 8% phosphoric acid. 
After a 15 minute labeling period plants were removed and 
killed by immersion in liquid N.. Plants were transferred to 
a TenBroek homogenizer and ground in 80% ethanol. Insoluble 


matter was removed by centrifugation (5 min at 5000Xqg), 
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arved;eand resuspendedein) 350 ul of perchloric. acid; 30% 
HeOe ee water Solution ts¢2:2).. The Solution wwas heated for 4 
few hours to 100°C, cooled Scintilation fluid was addea and 
tne samples were counted in a Sscintilation counter. 

The chlorophyll (chl) concentration was determined by 
measuring the absorbance of the supernatant at 654 
Nanometers and transforming according to the following 
formula: (Winterman and Demots, 1965) 

CA eae oon oy e000 s=amg'chi/m!) 

This supernatent was dried and resuspended in water for 
further analysis. 

Labelling for longer periods (eg. 24 hours) was done on 
8 to 14 plants simultaneously using a system diagramed in 
Figure 1. This closed system 1S similar to the one 
previously described except a gas analyser iS connected in 
line. 9A "Solution of NaH’ ‘CO, (9.5 uCi/umol) was introduced 
into the system at a constant rate uSing a varioplex II pump 
(LKB 2120 model). Balanced between the CO, evolved by 
aetapricarnon -Of piesrpenare and CO; "taxation by the splant 
was monitored by the gas analyser and regulated by 
adjustment of the flow rate of bicarbonate into the acid 
flask. The total size of the system was approximately 700 
ml. The circulation rate of gas was 500 ml min™', humidity 
WAS OU anc me bEGhtconcltlOnseweres sOUMURINS tes 1Ga Ma Susu, 
Specific conditions are GUVell in, SChe | CeExt tor each 


experiment. 
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Figure 1 


Schematic diagram of the long term labeling apparatus 


(A)CO, gas analyser; (B)Ice bath dehumidifier; (C)Tygon 
tubing; (D)Gas pump; (E)Light source(300W Incadesent) ; 
(F)Infrared filter(G)Plant chamber (H)Plant holder; (1)21°C 
water bath dehumidifier; (K) 8% phosphoric acid flask; 
(L)Peristaltic pump; (M)Bicarbonate solution ice bath. 


Figure 1 
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Labelling was terminated as previously described except 
plants were ground in a chloroform:methanol:water (5:12:1) 
solution. This homogenate was washed twice with a 0.9% NaCl 
solution. The washes were combined and consisted largely of 
polar labeled components such as amino acids, organic acids, 
and sugar phosphates. The chloroform phase contains all 
non-polar ‘'*C labled compounds such as pigments and lipids. 

Analysis of products of ‘'*CO, photoassimilation from 
the soluble aqueous fraction was achieved by applications of 
Zen lieataquersttogalpowex=50n(H* jicohimne60usre S25 icmhe lathe 
column was waShed with 2.5 ml H, O and the wash was saved 
for further separation of neutral and acid components. The 
compounds binding the Dowex-50 (H*) column was eluted with 8 
ml of 2N NH;OH solution. This eluate is designated as_ the 
basic fraction and is predominently amino acids. 

The neutral and acid wash from the Dowex 50 (H*) column 
waS applied to a Dowex-1 (formate) (0.5 x 2.5cm) column and 
washed with 2.5 ml of H,O. The wash contains the neutral 
fraction which is largely sucrose. The Dowex-1 column was 
then washed with 8 ml of 0.5 N formic acid followed by 8 ml 
of 8 N formic and finally 6 ml of 4N HCl. The first or Acid- 
1 fraction contains primarily organic acids, the second 
fracbronsoor)lAcid= 32% fraction ssconsistSiemostiy* jof sugar 
monophosphates. The Acid-3 or third fraction is largely 
Sugar diphosphates. Seven hundred ul aliquots were counted 
in scintillation fluid and percent distribution of ‘'%4C 


asSimilate was determined for each fraction. 
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in) thea¥casemoreiong! term labellang,® thevacid fraction 
was not subfractionated but removed as one fraction with 6 
mie Of CN HCLS 

The fractions isolated from ion exchange columns’ were 
further Separatede pyle nines laversmonromecography 9 1LuC)m 
Fractions were dried under vacuum to concentrate the 
samples. Samples were resuspended in water and aliquots 
containing 20,000 counts per minute were spotted on TLC 
celiwlose plates “unteatevobume? of Pabout) 10rul’ (Analteck 
Cellulose MN 3000 250 micron). All plates were equilibriated 
ay chromotography tanks for about 45 minutes’ before 
development. 

Compounds in the basic fraction were separated using n 
- butanol:acetone:water:diethylamine (20:20:10:3) solvent 
Cossins and Sinha, 1966). A solvent containing n-butanol: 
aceticuacid: H,0!(321:1) (Brenner and Niederwieser, 1960) 
was used if a second dimension was needed. Standards were 
detected with a ninhydrin reagent (0.1% ninhydrin in aqueous 
but yigalchow) * 

Organic acids: from the Acid= 1 fractuon were ~separated 
usimoqediethyilbetherwacet ie wacidsH20) (46 s5itidemStrandards were 
detected by spraying with bromophenol blue reagent (0.04% 
Bromophenol blue in 95% ethanol pH 6.5) (Buch, 1965). 

The acid fraction from long term labelling experiments 
was Separated using 2 dimensionsal systems. The first 
dimension was EDTA: 17N NH;0OH HO: n-propanol: isopropanol: 


n-butanol: TSobutyricemacton "Geld: 00.950 7S50E 7m -JowZ500) 
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solvent (Crawley et a],, 1963). The second solvent used was 
a mixture of equal volumes of proponoic acid:water (180:220) 
and butanol:water (370:25) solvent (Benson et a/, 1950). 

For separations of the non-polar fraction, samples were 
dried under N, and resuspended in chloroform. Samples were 
spotted and plates developed as soon as possible to minimize 
oxidation of vrquid compounds. Si brea hn layer 
chromotography plates were used (Baker Si 250 P.A. 200 
microns). Plates were activated by heating to 100°C for 30 
menutes; @cooledtandtthentspotted swithei0g—'20 tulbiciisamplier 

For the neutral compounds the following solvent system 
was used: petroleum ether (B.P. 60 - 80°C): diethyl 
ether:acetic acid CAFE2 5 35t) x The system for the 


phospholipids was a two dimensional system (Nichols and 


James, 1966). The first dimension was chloroform:methanol: 
7JN ammonia (65:25:4), and the second dimension was 
Chioroterm: methanol:acetic acid:water GPLOS2572o 74) < 


Standards were detected by exposing plates to iodine vapours 
for approximately one hour. 

All plates were dried, sprayed with autoradiograph 
enhancer (NEN Enhance), and allowed to autoradiograph for 2 
4 days Jat -70°C. Compounds were visualized on X-ray film 
(Kodak X-OMAT AR). Quantification of label was done by 
removing the area corresponding to a spot on the X-ray film, 
digesting the sample in a solution efor Waperchioric 
acrid sHeO,swaten (47252) Cand@theabing’ toby100;Cwetormeasgure. 


hours. Scintillation fluid was added and the sample counted. 
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Photosynthetic Electron Transport 

Isolation of broken chloroplasts was®carried out under 
dim@elighteiroure@ehundred mgfof iprechilledtleavesS from both 
wild type and PM11 were homogenized in 15 ml of grinding 
DUEfermeeSCNymMUTricine (pH 728)) 10 mM NaCl wa10rmMrEDTATes00 
mM sorbitol) using three 5 second pulses at the top speed of 
a VerTis homogenizer. The homogenate was passed sequentially 
Chroughmcheésesctoth@andSmiractothtbeforencentr iiugationt tat 
5,000 g for 4 minutes. The supernatant was discarded, tubes 
were dried and the pellet was resuspended in 1 ml of washing 
DUSGe nee CREMMIOTricinetUpH PS ieedO mMENACI NCS mM EDTA ato 
ensure lysis of chloroplasts. The suspension was centrifuged 
as before, the supernatant was discarded and the pellet was 
resuspended in 200 ul. of resuspension buffer (500 mM 
Lee Meee toms Gv thO mM NaGieesemMiMoGh, pat0CemM sornrsol)< 
The chlorophyll concentration was determined from an aliquot 
of this sample.(Winterman and Demots, 1965) Thylakoids were 
stored on ice until use. 

Electron transport was meaSured in a Rank O, electrode 
abeee (CSat@avlrqht wmitensityrofhenpO00fersteins matsy" sat euhe 
surface of the cuvette. The final volume was usually 2 ml 
Thy lakotd smu: VeucechIorooby | TL )immwerem@ addedwatom wagers of 
resuspension buffer containing 1imM Gramicidin-D as an 
@électron transport’ wuncoupler. “The “complete reaction) was 
assayed bymeusingwamethy.) viologen  vast¥altermindl@electron 
acceptor (Izawa 1980). Photosystem II activity was measured 
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emegt ron meacceptonunsPhotosystem wlabactivityeewase measured 
bosVowing diferentialfinhibitionsoftPhotosystemebiIal bys the 
herbicide DCMU. Ascorbate in conjunction with DCIP were used 
to supply electrons directly to Photosystem I and removal of 
O, via methyl viologen was used as an indicator or electron 
transpaneitatesmeul zawamio30)). 
Gas Chromatography 

Samples were prepared by grinding leaves in chloroform 
methanol (1:1) solution followed by drying under N, (Folch 
et al, 1957). Fatty acid methyl esters were prepared by 
tranesterification in the presence of 5% HCl in absolute 
methanol 80°C in sealed vials . GLC analysis was carried out 
using a Varion model 3700 instrument equipped with a flame 
Ponmzacronscerector. AT3/ 25 meterrsilicanicolumnty(Carborwax 
20 m column) with N, as carrier gas was used. Operating 
temperatures for the column, injection port, and detector 
were 200°C, 230°C and 240°C respectively. Quantification was 
done by a Hewlett Packard Auto lab integrator. Peaks were 
identified by comparing the times they were detected by the 
flame ionizer with a known standard mixture of fatty acids. 
'4C - Acetate Labelling 

The procedure used for labelling in vivo is similar to 
that described for spinach leaves (Slack and Roughan, 1975). 
Twenty ul of 0.5 mM sodium (1-'*C) acetate (56 m Ci/m mole) 
in 80% ethanol was applied to the surface of expanding 
Arabidopsis leaves. The droplets evaporated in about 10 


minubes sande Olentspewere: left ate22°C for iz hours. Plants 
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were washed thoroughly to remove unabsorbed acetate from the 
leaves. A sample of the leaves was taken for separation of 
"*C acetate-labelled products and plants were shifted to 
13°C where samples were taken 12, 24 and 48 hours after 
transfer. 

Labelling was stopped by washing the leaves in water 
and grinding a chloroform:methanol:water (5202 -a)e 
Separation was done as described earlier for the long term 
'4CO, labelling experiment (24 hours). The non-polar phase 
was dried and chromatographed using the system described for 
phospholipids. 

Spots were quantified by dampening the area to _ be 
removed with water then scraping the silica into a 5 ml 
Scintulilationievial oe Three hundred and fenty ul of 
chloroform:methanol (2:1) was added to elute the nonpolar 
compounds. Sintilation fluid was added and the sample was 


counted. 
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Til. RESULTS 
Mutant Isolation 

The Arabidopsis mutant line PM11 was originally 
isolated from a population of approximately 10,000 M2 (EMS - 
mutagenized) plants (Somerville and Ogren, 1979) on the basis 
of an apparent Sensitivity to high levels (1%) “of 
atmospheric CO,. It was subsequently discovered that the 
line was not sensitive to CO, but was extremely chilling - 
sensitive. The mutant exhibits normal growth at temperatures 
above 22°C but turns yellow and dies when exposed to 
temperatures below 16°C. The older leaves become chlorotic 
before the younger ones and after 6 days of chilling no 
Green tissue remains. 

The presence of the mutation is scored by shifting 
Dlantsecomis C ior mtwo sdays sat) whichmstime. che  imutant 
phenotype 1S distinguished. The plants are then rescued by 
returning | them to 22°C." As this generally leads to 
substantial damage to the leaves, such plants were not used 
for physiological experiments but were used as a_ source of 
seed. 

The original M3 mutant line segregated a small white 
seedling which did not produce true leaves and died early in 
development. The mutation responsible for this phenotype was 
Secparavecmc OnmecnemmmutatloneconreringecoOldmcenreuiviatyeby 
three generations of single seed selection. 

The effects of the mutation on growth are apparent from 


the results of the experiment presented in Plate 1. 
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Plate I 


Effect of temperature on growth of wild type and mutant PM 
Teles 


Seedlings were grown on sterile nutrient medium to the 
rosette stage at 22°C thenz.(A) (shitted to 13: Gator 5 days, 
Ore (HE) Maeintainedeconbinuously vatw22aG. 
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Plate 1 


PM11 
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experiment seeds were germinated in petri. plates under 
sterrlesconditicns®ate22°Ceand grown to the four leaf stage. 
Petri eplates @iwereuinsediiso as toikeepithe environmentrin 
which the plants were growing as uniform as possible. One 
pratemawas @shifted Scogeis- Cl feorkigidays tand tie othenewas 
maintained at 22°C. There is no apparent difference .in the 
GROWL MGODG theamutant Sand witdttype avn221@ Gblatempib imebut 
aegisecechermutant Mhedelost coloursand stopped Wgrowthn(Plate 
Ta). | 

Genetic Studies 

The chilling sensitive phenotype of PM11 was carried 
though the M3 and subsequent generations suggesting a 
genetic basis to the effect. F, plants from a PM11 x WT 
Guosspeexposedytrortsc@ for tatdays;rdid Snot show thee cold 
sensitivity effect. However, F, plants from the cross 
segregated 3:1 (294 green plants, 87 yellow plants; x?=.874 
p > 0.3) implying that a single nuclear recessive mutation 
is responsible for the cold sensitivity. The lack of mutant 
phenotype in the F,hybrid was consistent with this 
hypothesis. The mutation responsible for the effect was 
designated co/D]. 

The yellow F, segregants from the PM11 x WI cross were 
Shifted. sback erto’ 22°C after #3 idays of exposure “toll3°Ceand 
plants began to recover demonstrating that the mutation was 
still a conditional lethal. Plants were able to produce seed 
although not as much as the unstressed mutant. This seed was 


recovered and will be used to advance subsequent lines of 
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the co]D? mutant. 
Effect of Developmental Stage 

bey idevelopmentalmet imegmoivsexpression Gof “the co/pi 
mutation was studied to determine if the defect was 
expressed at all stages of development. If PM11 showed a 
specific developmental stage which it was chilling resistant 
this would suggest that the co]D1 gene is developmentally 
regulated and not needed at all stages of development, or 
that other genes of similar functions are expressed at 
various times in the development of Arabidopsis. The method 
of testing whether the co/Di mutation was stage specific was 
to study seed germination under sterile conditions in petri 
plates ia Eehitlengnaconcativenss (13° C).5 Germination, was 
measured by appearance of cotyledons. Both wild type and 
PM 1 1 Hequired) fapproximately ov lOhedays@eettyis-Cortorn 957 
germination. Of 150 seeds of PMii placed under these 
conditions all but a few germinated and produced green 
Socyledonsesimilaretogwild Mbypet BHoOwever, Gewhnecnerenem erue 
leaves began to appear, a Aca texting of the centre of the 
plant became obvious. The true leaves appeared yellow and 
eventually the plant turned completely yellow and died at a 
very early stage. 

This observation suggests that the effects of the co/D!7 
mutation are stage specific and do not effect germination or 
cotyledon metabolism. It is only when the true leaves and 
seedling growth start that the effects of chilling are seen. 


Either the co/]D1 mutation is not expressed in the seed or 
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cotyledons, or another gene of similar function to the co/D1 
gene is expressed in the seed and cotyledon. 
Onset of Injury Following A Temperature Shift 

The experiments described here were designed to 
determine the@Pratesilor Ttimersoflonset offangunyecauseda by 
prolonged exposure of PMi1 to chilling temperature, and to 
determine Gatorwhat pointlinjury owasbirnevensible: Chicrosis 
WaseUS€G esha tgqeneral iIndicatorWotSinsury as@ituisea Scommon 
response of plants to stress and is relatively easy to 
quantify. Chlorosis may occur because of depressed synthesis 
of chlorophyll precursors or because the rate of turnover or 
photodestruction of chorophyll and associated pigments 
occurs more rapidly than synthesis. 

A population of genetically uniform plants grown in 
soll in pots frequently show heterogenity in growth and 
development due to microenvironmental differences in _ the 
soil. In order to alleviate concern about environmental 
variation sterile seeds of mutant and wild type were placed 
in minimal nutrient medium in petri plates. One plate was 
incubated! at 13°Cifor various*times’ then returned to 22°Cvin 
order to determine if the the mutant showed recovery. The 
Six treatments were: 
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BymOne cCaveicm seGeeo days atec2-C. 
Cymmvomdays ap iloaC, Semdays¥aty22aCr 
ie Phree sdaycmdtm 1c -Cy.s Gays avecayG- 


SHEFourmedayseataic Grazedaysmatez2. Ce 


(fe e(\oryaas 
ahah, | 


; — oe 
oe be) a Hsdivoash 3 iiten ia 4 ro 


paene. fe 


: a. = Y, © Se 
4 * he i ‘iS 
: 2S YEVe 
7 r c ct 
2 = @ 
SVvac 
7 
gis : 
, 
* 4 7 
78 " 
STi 
: ' a Gc 9 
= . 
n s 


> : 2 q 
"ot, Ja “aaas+ianoicay deP ote 36 He tecusn 


in 
he. 


: 
a = - % és) 
TA geivoiles YseEnl te Jeanty 


; OMT jo eva 


1é 


inh Lerscag ame bseu 2ew 
7 


Som (ee s teoralidD gbienagg 


2 nant — {Giga srow -eteded 


is 


eS 
picrespe® aieg, AP | ERG 


nc som en2 


70 #767 


2154 Jay 2@ eniazessb 


a 7 


2tpelq 3 seneqesa 
“= 


- 


(so 


:srep3sTg. Ligtgorelds. to 
ons ;& seiiouaseshotedg 
—= 


@ 


op 36 Agegaiggeg A -as 
ie "4 sub* sreargols , ft 

7 7 

lle e2 Gtr wt) chk 


is these sCibwte nos 


rs 


_ 


bm zy 
a 


a : 
3 1% sun) Gantiais a, 


oi) ji oni 


40 


DieSys cays ed tans aCe 

Atwone day intervals, two plants’ of mutant ana wild 
type were removed from each treatment, fresh weight was 
determined and plants were ground in 95% ethanol to 
determine chlorophyll. The results of this experiment are 
presented in Figure 2. 

The chlorophyll content of both PM11 and wild type 
remained constant and fairly similar when measured over a 
Six day period at permissive temperatures (Fig. 2a). In 
Conuraste, the effects or “the col] “mutation (are, readily 
apparent as a dramatic loss of chlorophyll content in plants 
Manta wned at slo tGetoresix GaySitF1O.ai2te 

There appeared to be only a marginal decrease in 
chlorophyll levels in PM11 versus wild type up to two days 
of exposure to chilling temperatures. However, plants 
exposed to longer periods of cold temperatures or shifted to 
permissive temperatures after 2 days showed marked chlorsis 
(eee Center e, i) a aurrgurce; 2beand 2Cpedemonsctra te galhatarne 
mutant does not have to be constantly subjected to chilling 
temperatures in order to induce chlorosis. Plants removed 
after 2 days still appear healthy but after one day at 22°C 
they show a decrease in chlorophyll. This 24 hour lag in 
response is also seen in the recovery of PM11 after a shift 
Dackmtouez Ge (ini d.220)), 

Expression of cold sensitivity is readily reversible up 
to 3 days of exposure (Fig. 2d). Recovery was marked by 


chlorotic leaves dying and falling off the plant while new 
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Figure 2 


The effects of exposure to temperatures of 13°C for various 
times on the chlorophyll content of mutant and ' wild type 
Arabidopsis. 


The chlorophyll content on a fresh weight basis of the wild 
type is indicated by open (0) symbols and that of the mutant 
by closed (@) symbols. The open and closed bars inserted in 
the figure indicate the times at which the plants were 
exposedito (22°C or 13°C," sespectivly 
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growth occurs at the apical meristem. Recovery does not 
eppeareto be inhibited=bys light or to necdea markaperioc sas 
Seenme in some cold sstressed “plants (Martinver ai. 1950). 
Mutants “plants, exposed™ to ©4 “days or) mores*ot chilling 
temperature do not recover. 
Photosynthesis And Respiration 

AS an early step in determining the nature of the 
defect in PM11, the magnitude of gas exchange by the mutant 
under light and dark conditions was compared to that of the 
wild type. The objective was to see if a cold induced change 
in photosynthesis or dark respiration could be oberved. A 
conditional defect closely related to photosynthesis or dark 
respiration should have an almost immediate effect on gas 
exchange of PM11 under non-permissSive conditions. Examples 
of such defects have been shown in some Bee oreee rater 
mutants. A mutant deficient in phosphoglycotate phosphatase 
activity showed altered net CO, exchange after only 7 
minutes under non-permissive conditions (Somerville and Ogren 
1979). | 

PM11 was capable of wild type levels of photosynthesis 
and dark respiration under normal atmospheric conditions at 
Bbothecc Cl(Phig.s 3)eancelseG (Fig. 4)eloneatelcasteone sencur. 
Thaseesuggests that the defect is not closely Telated to the 
metabolism involved with photosynthesis and dark 
respiration. 

Because of the strongly injurious effects of =the scold 


(death by 4 days), and the observation that cold stress in 
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Figure 3 


Net CO, Exchange of wild type and mutant Arabidopsis 
thatamiaeatc2 Cc 


Net CO, exchange meaSurements were made at 22°C in 21% 
OO, c2oeul 1 '9CO, ~ balancedan. at. 250 “URINSti ecnse nls ace 
The values represent the mean of meaSurements on 3 Separate 
plants. The broken line(----) represent the response of the 
mutant(PM 11) and the solid line(-) represents the wild type 
response. The positive values on _ the dependent ax1s 
represents CO, given off into the system(respiration) The 
bar inserted in the figure represents the time of 
illumination. 
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Figure 4 


Net CO, Exchange of wild type and mutant Arabidopsis 
thalattiacat i232 °C | 


Net CO, exchange measurements were made at 22°C in 21% 
OF 323 ule 1-2" CO,. 5 batancedsn ates SO MUuBINStvensem a5. 
The values represent the mean of meaSurements on 3 Separate 
plants. The broken line(----) represent the response of the 
mutant(PM 11) and the solid line(-) represents the wild type 
response. The positive values on the dependent axis 
represents CO, given off into the system(resSpiration) The 
bar inserted in the figure represents the time of 
illumination. 
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Figure 4 
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cold sensitive plants is a slow progressive effect, it was 
considered potentially informative to monitor the 
photosynthetic and dark respiration rates in plants exposed 
Lom Ongen per ods Ofechil ling, —Plants i weremmecrancterred mito 
13°C and at 24 hour intervals 20 minute measurements of both 
photosynthesis and dark respiration were taken at 22°C. The 
results of this experiment are shown in Figure 5. After 24 
hourSsats13°C the mutant had about 80%  sofesthe «wilds type 
photosynthetic rate. By the second day of exposure to 13°C, 
muUteneS rates were reduced to about 50% of wild type. The 
decrease waS progressive so that by 3 days of exposure to 
low temperature the mutant rate was about 10% of the wild 
Py ema er. 

In parallel with these experiments, meaSurements of 
dark respiration in PM11 and wild type plants were also made 
(Fig. 5). Dark respiration decreased slightly in the wild 
type after one day of chilling but gradually increased after 
Sedevouin the cold to about ie times thes prechiliing evel. 
Inecontrast to the wild type, after one day of chilling PM) 
showed a dramatic increase in dark reSpiration to ae rate 
twice that of the wild type. This increase continued at an 
apparently linear rate over the duration of the experiment. 
Althoughea common teature of Chilling sensitive species 16 a 
decrease in mitochondrial respiration on prolonged exposure 
to chilling temperature, some chilling sensitive plants such 
as Episcia reptans and Xanthium do show increases in 


respiration rates under chilling conditions (Wilson 1979, 


es 
si) SES 3 Aon et ae: ore Ly at iaes = 
BS 75354 © euvotT nt neody ane, theni gaa & 
eq¢d Stly'.si: io ‘yon sale but snose@ aii Sen i 
°F ad axuHocks to web’ Greted sate: .o2e2 
ae? _.sqvt bliw ‘o <0@ sbéda qc? bealber sfe¥ geee7 eat 
po a7Gbase tO eysh & ys sat Ge aviarsisee eew eRe 
Riie af? 2% #9 2loda, a2ev 548s sasguD ar etuiszeqas2 
-o7a2 


4ae Ye 


59: atosnewiase ssaemtisqks. seed? Ariw Sabiayeg a5 
spam Jails er e¢nplg-saue BLi’ bes../ ae mo Goa sas equa slabs 
atio af? ml li4al fe Baskersed dditee iqees wont (8 ei) : 
sacle Aeagstoni +1 laubere “tud emit Lido te 486°ene sexth aqed 7 
Latatvonriiitises5.ed1 :24omes B,) Joace cr Bien e#¢ al eyeb& z 
(199 paklhifis Jo va sno 4$2Ta vaqyr Bfiv ole ot teenage Al 

aret = 6% veitascoesi (ves qe S8da>ont SERED & Bewode 
Me 28 Beunigqos szeste? eid? yager Biv, o@i Se oeeds  epaWes 
dnomesegxs. 42 i0 avitadeb ped seve 325% 2agod 5 . 
& Zi aeiseqe aviclaoge Gritlido te sowsest aN 


Figure 5 


Effect of Exposure to Low Temperature on Photosynthesis and 
Dark respiration by Wild Type and Mutant Arabidopsis. 


Wild type photosynthesis rate is indicated by closed (@) 
symbols and the mutant, by open (0) symbols. Positive values 
indicate greater dark respiration and negative values 
represent greater photosynthesis. Each point represents the 
mean of measurements on 3 plants. Plants were shifted to 
13°C at time-O and were removed at the indicated intervals 
for gas exchange meaSurements of 20 minutes duration in 
S006 wl) lene 1-070 balancemNaeatrat: LOW to vero mG mrp ie 
Mit, «see oo UR INSteins me: ySeck = 245 
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Figure 5 


-40 


C)4 , 149 


oO O 


5) 
Bu Cog jown) 3 


O O 
N vt 


ONVHOX3S %OO LIN 


TIME (Days) 


ica ? 
ia a ae 
ne te Sn Gee 


5 


on 


; 
\ 
‘ 
4 


r. 
“a 


' 


‘ 
eo 
. 
—) 
os 


KCHVMGE thw: COS we cory 


Bea 
a | 
| je = 
t - 
| —_—  — —- at A De 
all ca - 
| aa _ 
i ; | 
= a a a | < ‘ 
a jb of 
a: a 
Gee i a 
nl ; 
7 a 


am 
ae 
» 
> 


i 
as 
— 


7 
_ 
_ 


ae 


Drake and Raschke 1974). This has provoked the suggestion 
that the high respiration rate, observed in response 0 
chilling, is due to peroxidation of membranes and general 
permeability of all membranes (Wilson 1979). 

The large increase in dark respiration after one day of 
Ghviling; by contrast with the relatively esiuqht, effect “on 
photosynthesis during the same time interval, suggests that 
Eneechtlling was safbecting dark respiratuonmearlaereand toca 
greater extent than photosynthesis. Therefore, the 
temperature sensitive phenotype of PM11 was tested to see if 
it was light independent. Plants were placed in the dark at 
MomCmwanGme: oe CmlOre: days mremovedmto themiiontervor 2eenours 
and then chlorophyll content was measured on a fresh weight 
basis. The results show a decrease in chlorophyll content in 
PM11 as compared to wild type in plants exposed to 13°C in 
darkness, but no differential effect of dark treatment at 
BoC (Table Ge ThUS I Gne. Gs =note erequiredeatorm the 
deleterious effect of exposure to cold on PM11. 
Photosynthetic Electron Transport 

Although previous experiments suggested that light is 
NOUMEGEQUILEG fOr seLhesdereri0us ell ect emo meexposuremcomcne 
cold on PM11, photosynthesis was nevertheless strongly 
affected. The decrease in photosynthesis observed after 2 
dayemotechiilingwin PMi1) could be due to depression of | the 
light Or dark reaction of photosynthesis. The light 
dependent reactions of photosynthesis take place on the 


thylakoid membranes which generate reducing power (NADP) and 
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TABLE 1 


PReterlect: of chilling Lemperature- onechlorophyis concent. of 
mutant and wild type Arabidopis in the dark. 


Strain Temperature 

22aeG he oe 
WT i 0 Ones 
PM1 1 1: Oe o2 


Wild type and PM11 plants were incubated for 2 days in 
darkness at WShCetandhe222Cc.ivrollowingtihe coldetreatment 
plant were illuminated for 12 hours’ before chlorophyll 
determination. Values are expressed in ug chl mg fwt™' and 
are the average of meaSurements of three plants. 
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energy (ATP) via electron transport and photophosphylation. 
The dark reactions are those of the Calvin cycle which use 
NADPH iend®ATPetotiitx COL. 

AS suggested earlier, the high respiration rate of PM11 
UpoOnihexposure ftoctchilling could be due to*peréxidationot 
lipid membranes. Since photosynthetic reaction centres 
proteins and electron transport proteins are located in the 
choroplast membranes, changes in the membranes might be 
expected tO “aPrect “the “actavity “ot Btnem pnotosynthetic 
ereceron transport ‘chain. Invorder to distinguish, whether 
depressed phtosynthesis in PM11 was due to alterations in 
the light reactions, electron transport rates were measured 
in normal and cold stressed plants at various times after 
exposure of intact plants to chilling temperature (13°C). 

Overall electron LraAnSsvort ability by broken 
chloroplasts of PMi1 showed no inhibitory response, as 
measured by 0, evolution, when compared to wild type until 
after 3 days of exposure to low temperature (Table 2). In 
contrast, photosynthesis as measured by net CO, gas exchange 
on intact plants had already declined 50% by this time 
(Figure 5). 

Te, theretore, seems that the early eftectVor the "cold 
on) ‘photosynthesis is not mediated by a depression in the 
light reactions of photosynthesis. Furthermore, the high 
respiration rate seen in PM11 after one day exposure to 
chilling temperature is probably not due to peroxidation of 


chloroplast membranes since it would be expected to also 
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TABLE 2 


Effect of exposure of intact mutant and wild type plants to 
chilling temperature on photosynthetic electron transport by 
isolated broken chloroplasts. 


Time(hours) Reaction S#298 Of both Syet==s-=+ Strain------ 
WT PM 1 1 

AZ Full 163.9 isa 6 
PSI 308.3 Zo bart 

PSII Bat! ais Va Sete 

36 Sa Nal 118.9 fet Sees 
PSI S266 416.5 

PSII Is656 104.4 

60 Full 149.3 Oe 
PSI 2927.6 293 Re 

PSII 1Po ye oo 2 

84 Pu 10975 Zeal 
PSI 218.9 2065 

PS it 98.5 18.4 


Rates of electron transport as expressed as umoles of 0, 
consumed or evolved mg chl-' h-'. Plants were exposed to 
13°C temperatures for the indicated times before thylokoids 
were extracted and assayed at 25°C as described in Materials 
and Methods. 
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affect ~the’ electron transport chain andiireaction centres 
which are associated with the thylakoid membranes. 

The decrease in electron transport rates observed after 
3 days of chilling was not localized to either photosystem I 
or II. Independent assays of both systems showed the two 
actuvities declineWin® parallela(tTable 2). 

It, therefore,appears that the depressed photosynthetic 
levels that are observed in the CO, gas exchange experiments 
are €ither®due™ to’direct inhibitionvof tthe dark*™ reactions or 
indirect inhibition of some function related EC COs 
Pixeeion . 

'4CO, Labelling Analysis 

The previous experiments suggested that the metabolism 
of PM1i1 was altered by chilling temperatures and that these 
effects are progressive. Furthermore the alterations appear 
to be related to dark respiration and to a lesser degree to 
affect the dark reactions of photosynthesis. A potentially 
informative method of studying these alterations was to 
examine the distribution of radioactive label in compounds 
extracted from plants allowed to photosynthesize in ‘*CO, 
under various conditions and for various lengths of time. 

On the basis of gas exchange results, two time periods 
were used for the labelling studies. A labelling period of 
15 minutes after one hour of preillumination at 13°C was 
chosen for detailed analysis of the early products of **CO, 
fixation. This time period corresponds to the ace aa phase 


when photosynthesis rates of PM11 were very similar to those 
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of wild type (Fig. 2). The purpose of such a labelling was 
to determine if any intermediate metabolite was accumulating 
CrmemMussing® aftergeuas shorts perbods of “stress aueSince gas 
exchange data is only a gross measurement of the 
physrological «state “of the plant, it is poesibletthat the 
effects of an accumulation or absence of a compound might 
NHOtmbemderected Over Short perieds of time. ‘The distribution 
of products from the short term labelling is presented AG 
Table 3. As was implied from CO, gas exchange the metabolism 
GheeMiimappears “toe be = normal) prollowinom shorve 1 “shown 
exposure tO non permissive conditions. Carbon appears to 
flow normally into the Calvin cycle and glycolytic pathways 
(her d=7 pee ACIO—s functions), Citric macro cyele sinternmediates 
(Acid-1), amino acids (Basics) and sugars (neutrals). 
Abnormal accumulation or depletion of a specific metabolite 
or class of metabolites was not observed. The insoluble 
Preactuon eewiich 2S primarily «starch is *sivgqhtly nroner in 
PMinesUnbortunatelyethes Winaction rseedifisreultesto® quanui by 
and the observation was not persued further. 

These observations in conjunction with the gas exchange 
data suggested that the effects of chilling om PMii were not 
closely related to photosynthesis. Hence a second labelling 
period was chosen which would radioactively label a broader 
range of compounds such as fatty acids. Such compounds are 
not primary products of photosynthesis but alteration in 
their metabolism might explain the reduction in 


photosynthesis. 
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TABLE 3 


Distribution of products of 15 min of '‘CO assimilation by 
mutant and wild type Arabidopsis at chilling temperature. 


Fraction 2 2 2 2 eee nnn Strain -----= 
WT PM 1 1 
Basics 34.9 SRS 
Glutamate Ore 9.4 
Glycine se) 4.8 
Alanine 6.9 GAs 
Serine Wires chee) 
Neutral 20-26 Bane 
eaves 2WeG Me. 0 
Grenate ie tena 24 
Malate 6. # Se) 
Glycolate eres hae) 
ACU 2 eg! 11.4 
iMentel © Views) 8.0 
Insolubles Peed Seoul 
Recovery 26.8 O02 6 
Plants were © illuminated efor. 1 hour satus ©C pand 350 


Gen steurns Imits 9 ibelfdre Mabelaing WrthtssCOpeior 15 °8minutes 
at the same conditions. Values presented are the percentage 
Of total Labeled carbon found®in “the “soluble ¥sand **insoluble 
fractions. The gaS regime was 308 “ulels!, COZ, 2145025 
balance N,. Wild type and PM11 fixed 50.7 and 54.4 umoles of 
SOnmomCcii@ ttm ~ respectively, 
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To ensure the distribution of ‘'‘CO, label into as many 
metabolic pools as possible, plants were labelled for 24 
hours at 13°C. Gas exchange measurements demonstrated that 
chilling effects on photosynthesis are not dramatic in PM11 
until after a 24 hour exposure to the cold. Therefore, to 
ensure the metabolism of PMi1 would be under stress at the 
Eamereof labelling the plantséwére shifted to 413°C for one 
day before labelling commenced. Thus, the products isolated 
at the termination of labelling were representative of 
plants that had been stressed for 2 days at 13° C. 

The results of the 24 hour labelling experiment showed 
little differences in the distribution of labelled products 
atentheweievel fof) resolutions affonded =bys comparisons of 
percentage distribution in the ion exchange fractions (Table 
4). Approximately 50% of the radioactive label was found in 
Ehea@neutroteiraction gan “bothYgwidd etypeiwandasPMa icenUpon 
further separation by thin layer chromotography the label 
was equally distributed between 4 neutral sugar compounds. 
On the basis of Rf values and comparision with standards 3 
Sugars were identified as sucrose, fructose and glucose 
(Plate II). The other sugar has the Rf value expected of 
ribose. These results support the contention that the 
photosynthetic apparatus is functioning normally since 
Sucrose is the major end product of photosynthesis. Also, 
although photosynthesis is declining in the mutant by this 
time (2 days of chilling), the overall percentage of product 


distribution is not effected. This is consistant with an 
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TABLE 4 


Distribution of products of 24 hours of '*CO, assimilation 
by mutant and wild type Arabidopsis at chilling temperature. 


Fraction 2 enn Shr aini=——-——— 

WT PM 1 1 
Basics 4,4 siege 
Neutral CG aea, Uae 
Acid On Lass) 
Non polar WS! A oe, 
Insolubles 6a G29 
Recovery(%total) Gaye 92.5 


Plants were shifted to 13°C for 24 hours then labeled for 24 
Hours atei3 Cawith S50 sueinsteilns #mecSupesors illumination, 
Thee OaS CEG iMme seWasuesuCew Ul I COps 21k Oo. ssbalance INo. 
Eight plants were labeled (4 wild type:4 mutant) and 2 
plants of each type were pooled for each sample. On average 
tnéwwaldetype fixeagsS umoles) COs monchiy wh and PMI isiixed 
30.4 umoles CO, mg chl°-‘h°‘ Values are given as percentage 
of total carbon fixed in the soluble, insoluble, and organic 
BEAGGiLons:, 


ahe, 


&¢ 761 an) th nats sanad b&. fod Set ot 
.setvensast <> 2°" aniasaates gat 
. it Sshhces |, x Hi ede P41 £6 
c bag (itetun + ages ni .% 21, 8 

se632¢6:-00 | 22% ne a2E6 gaz belies 
peel Lee Git: me , 9 alate 
Specesaie; =n. uaa WE | 
sikapeo bas , 51 faig2a; ‘elagioa ais Wi ‘Se 


re ms 


_ 


s kd 
L13b80 Io Hei séseqee Ja 
- 7 e 2 7 ms - ’ 
se7F ily aces tf. 
7 
ws Aisne ope meee Sine Rand 
: <Gecawwe:. : err eater ain laa ShesUin, GV) ay 
_ e165 5 be eee arr Pee Teele 
ee : ag ‘so ee ALE Fe | ryt 
oe a | > 
7 - > L ¢ ‘ 
a DY a 
i al @ 
t} 
: | 
a 7 
7 ¥ . a 9 
, } ed o 
s 
s >» & 
‘ 
pe. Pd 
= _— 


th Cra Ae.) | 
a o i jan — | 
SAAOE A EATING 2 name 

; pment At oe Ro} 


> _ 
sf a aly io : _ 


i] 


Plate II 


TLC separation of neutral sugars from 24 hr labelling at 
13°C of wild type and mutant Arabidopsis thaliana 


Lanes 1 and 2 are products from wild type and lanes 3 and 4 

are from mutant PM 11. Compounds are:(a)Unknown (b)Sucrose; 

(c)Glucose;: (d)Fructose; The same number of counts were 
appliedstosedch) erack. 
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effect on the overall process rather than a specific effect 
on a particular part (enzyme) of that process. 

The acid fraction which contains the organic acids (TCA 
intermediates), Sugar monophosphates and sugar diphosphates 
also show approximately the same distribution in mutant and 
wild type. Components of this fraction were separated by TLC 
using various solvent systems suited for resolution of 
particular compounds. A solvent system, diethyl een: 
acetic acid:water (65:15:5) which preferentially separates 
Organic acids showed no major differences in compound 
distribution (Plate III). The majority of label was found in 
compounds which comigrated with glycolate and malate, with 
lesser amounts found in citrate. The radioactivity which 
remains at the origin is sugar monophosphate and 
diphosphates. Separation of the Sugar mono and diphosphates 
proved difficult. A number of 2 dimensional solvent systems 
were employed but all gave inconsistent separations. The 
best resolution was afforded by the system described by 
Crowley(1963). Fractionation of the acid fraction from the 
wild type and mutant in this system revealed no convincing 
differences. 

The basic fraction, which contains the amino acids, 
made up approximately 5% of the total labeled products in 
both mutant and wild type after 24 hours. The compounds in 
this fraction were well separated using a 2 dimensional 
Poon system (Plate IV), There appear to “ber 1/7 “major 


labeled compounds which were tentatively identified by 
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Plate III 


TLC separation of organic acids from 24 hr. labelling at 
13°C of wild type and mutant Arabidopsis thaliana 


Lanes 1 and 2 are products from wild type and lanes 3 and 4 
are from mutant PM 11. Compounds are: (a)Malate and citrate; 
(b)glycolate and possible 2-oxoglutarate 
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*~ Plate 1V 


TLC separation of basics (amino acids) from 24 hr labelling 
at 13°C of wild type and mutant Arabidopsis thaliana 


The upper autoradiogram is of a separation of wild type 
products and the lower is of products of the mutant PM11. 
The first dimension was from bottom to top of the page. 
Compounds:(a)glycine; (b)serine; (c)phenylalanine. 
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published Rf values for the solvent system. Differences 
could by detected in 3 compounds. These are believed to be 
serine, glycine and phenyalanine. 

Serine is present in about a 2-fold excess in PM11 as 
comparediutto icewildustypérawithe alishkighta reduction iseen tin 
glyqrne ekevelie si sAanpossrbleekexplanationenioneuthe faltered 
glycine/serine levels could be the speed at which the plants 
were kikledseatter their nenmeval tiromethedfusG078 atmosphe ne: 
Pes) Gxper imental idesign did inotravloweltonsnapidmk walrncee: 
ehetolents:. cBecausetthessrate wrofachluxisci@eicarbon through 
photorespiration is quite high, this would cause 
inconsistencies in the labelling patterns of 
photorespiratory intermediates such as serine and glycine. 

The increase in phenylalanine could be due to an 
increase in phenolic compounds which is a common response of 
plants to stress. The major precursor of these phenolic 
compounds is phenylalanine. Since PM11 is under cold stress 
there could be an increased requirement for phenylalanine. 
Aside from these 3 compounds no major differences could be 
detected between PM11 and wild type with respect to amino 
acid metabolism. 

The insoluble fraction contained about 7% of the total 
radioactive Tabel =Sintaboth lemutantaandi@ew: ldeetypes Bine 
Similarity suggests that starch metabolism of PM11 1s not 
affected by the cold. 

Overall, the major metabolic pathways of 


photosynthesis, dark respiration, amino acid metabolism, and 
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Starch metabolism all appear to be normal in terms of 
product distribution. This suggests that there are no 
enzymatic lesions in these metabolic pathways which are 
responsible for the chilling sensivity of PM11. However, the 
colD1 mutation causes dramatic effects on the overall rates 
of photosynthesis and dark respiration even though it does 
not appear directly pelaced to those processes. 

The fraction which showed the most dramatic changes was 
the non polar fraction. This group of compounds which are 
soluble in chloroform made up approximately 19% of the 
radioactive label in both PM11 and wild type. The majority 
of these compound are considered to be lipids and pigments. 

The non polar fraction was separated into individual 
compounds using a number of 1 and 2 dimensional solvent 
systems. The first solvent system separated polar lipids 
such as phospholipids and sulfolipids on the basis of the 
head group attached to the three position of the glycerol 
moiety. Separation by this system showed one major 
GQtiference in distribution. of radioactivity (Compound-k, 
Plate V). The mutant accumulated this compound in large 
excess to that in wild type extracts. Unfortunately this 
compound is not one of the common phospholipids since it did 
not co-migrate with the lipid standards used. The high 
mobility in this solvent system suggests Tt Se eneUutlae lem or 
only weakly charged with respect to the glycerol head 
groups. Since the extact identity of the majority = or Sait 


resolved by this and other solvent systems for separating 
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Plate V 


Separations of polar lipids fraction from a 24 hr. labelling 
experiment of wild type and mutant Arabidopsis at 13°C 


Lanes 1 and 2 are mutant and lane 3 and 4 are wild type PM 
11. Compounds are: (a)Phosphatidyinositol; 
(b)Phosphatidylcholine; (c)Phosphatidylgycerol and 
Phosphatidyethanolamine 


(e)Unknown; (x)Unknown; (y)Unknown. 
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lipids was not determined, Letters have been assigned for 
convenience. The difference in intensity of Spot-E 
represented the first major biochemical difference detected 
between wild type and PM11. It was, therefore, decided to 
study the polar lipid distribution of PM11 and wild type 
from=this 24 hour labelling at 13°C in) more, detaia. The 
compounds in the non polar fraction were fractionated with 
greater resolution by uSing a two dimensional separation 
which employed the same solvent system used in Plate V for 
the first dimension and a more acidic system for the second 
dimension (Nichols and James 1966). The results are 
presented in Plate VI. As before, a major difference in 
amount of label in spot-E between mutant and wild type could 
by detected, but at least 5 other less pronouced differences 
were also apparent. Spots-F and G, readily detected in PM11, 
are less intense or missing altogether in the wild type. The 
opposite is true of spot-I and J which are present in the 
wild type and absent in the mutant. 

To determine any other differences in the non polar 
fraction, this fraction was separated using a solvent system 
which preferentially separates neutral lipids. The polar or 
charged compounds stay at or close to the origin. The 
results are presented on Plate VII. Four Spots were detected 
which differed in amount between wild type and PM11 (spots 
KeuyM Ne In all “cases ‘the Spots were more @intensemrag the 
mutant versus the wild type. Spot K and N show the most 


marked difference between wild type and PM11 with 


ps. 
— " 
50) eTe8 ssabsets id 


: sage: | 
~+ tebias® ,esotsasar 6 at es Se 
are> Bliw fas 'fet so tet nz6 hath | 
sft .fieree S1Gh Bt te ie fai tte 
driv Resano! +3515. .068 ag 
nce1agee Lee») 2ae86o wih "pay. (8 
1049 otets «1 beau -opdage ten hod 
sn024e 4403 16! pray aitles ree 7 on ane 
ate e¢futes. att “ptooml seb Sod wicdsh 
sprateati® shee Maaged “A. Viv 970 mi 
siues weet Ofoy bre Une owetced @s8age Ap. 
cagae Tel?! S425 n07n east 2028 @ ores h be 
wi ni besdseeh ONY 2 one) stage +? 
sf sgh? bli~ sl: Slasigegotagesente 20 98 
ais ot ?aasey re 7 o hae. pent +6 ayn 
phan ara ma! 20 
tele]: Get sey ci degApeE IS. eis. Bho on 
uegeye fagviet € <sitieatcheetaiha nds tate 
10 Thus oe? .chvgil Gene, Geakvees uleise 
eédf .Stgise 4c5 Os sala: - te — 
tapered sree ace sarah ts 91 
etoce' (Me tos sat Bite j2e6- oa i 


in 


uw 


aitt ni al sengation one Se sey 
: a 


nai’ 
nth 
x= 


a 
Pa 


' 
7 


i? - oy r nae a = < 
oD ee 


e 
a : 
< i i 
i <_ = ue a7 7 
_ a) 
POE.” rls a) el a 
’ 


: i oo 
a ny, " er, 7 -, 
see 5 6 a 
? fe nN 7 >. gt ee 


> : 7 ' : ; 


Plate VI 


Two dimensional separation of non polar compounds (lipids 
and pigments) from 24 hr labelling of wild type and mutant 
Arabidopsis at 13°C 


The lower autoradiogram is of a separation of wild type 
products and the upper is the products of the mutant PM 11. 
The first dimension was from left to right and the second 
dimension was from bottom to top of the page. Letters 
indicates differences between wild type and mutant PM11. 
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Plate VII 


Separation of neutral lipid and pigments froma 24 hr 
labelling of wild type and mutant Arabidopsis at 13°C. 


Lanes 1 and 2 are wild type and lanes 3 and 4 are from 
mutant PM 11. Letters (k,l,m,n) represent differences 
between wild type and mutant. 
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approximately a 10 and 2-fold difference respectively in 
amount over the wild type. The intensity of spots L and M is 
Only slightly different “in wild ‘type and mutant, but xs 
sufficient to be visually detected. Spots were not 
quantified in any of these experiments so. overall 
differences could not be established. What could be 
established from these experiments was that there appears to 
be at least 1 major and 9 minor differences in the labelling 
pattern of the wild type and PM11 under stressed condition 
(13°C). More importantly this is the only fraction from the 
24 hour labelling experiment which shows a major difference. 

The next question was to determine if these differences 
were temperature dependent. PE the alteration in 
distribution is due to a temperature sensitive enzyme, one 
would expect the nrrerences to disappear if the same 
experiment was carried out at 22°C. On the other hand, if 
the labelling pattern remained the same in the mutant, 
irrespective of whether it was labeled at 22°C or 13°C it 
would suggest that the defect is not conditional but the 
effects of the defect on plant viability are. 

The mutant and wild type were therefore labeled for 24 
hours with ‘'‘CO, under exactly the same conditions as_ the 
previous experiments except the temperature was maintained 
at 22°C. The phospholipids and pigments were extracted and 
separated by one dimensional thin layer chromotography as 
before (Plate VIII). The results show that the distribution 


of radioactivity appears to be similar in PM11 and wild type 
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Separation of polar lipids fraction from a 24 hr labelling 
experiment of wild type and mutant Arabidopsis at 22°C 


Lanes 1 and 2 are wild type and lane 3 and 4 are mutant PM 
11. Compounds are: (a)Phosphatidylinositol; 

(b)Phosphatidylcholine; (c)Phosphatidylgycerol and 
Phosphatidyethanolamine (e)Unknown; (x)Unknown; (y)Unknown. 
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under @etheseerconditions. einaparticular, SpotE appears to be 
present in the same relative amount in both wild type and 
EMMUeenbhe Sintenoity “of spotchernttine iwaldstype at 22aGRic 
Similar to that found in PM11 after exposure to 13°C for 2 
days... The simplication’ is» that thes metabolism ‘of ithis 
compound changes in the wild type but not in the mutant in 
Tesponse eto caeushvitotorcolderiitemperaturess ALsopispots sx 
and Y which are of low mobility in the phospholipid solvent 
System are prevalent in both wild type and PM11 at 13°C but 
ane notiuséemelatny22iCriim,. ether sofestheservestrains. @The 
presence of these spots may be related to an adaptive 
physiological response to low temperature or may reflect 
some uncontrolled variable in the preparation of the 
samples. 
‘4 C-Acetate Metabolism 

The previous section on long term labelling experiments 
suggested that the only significant alterations between PM11 
and wild type was in the fraction which contained non polar 
compounds such as pigments and lipids. The major drawback of 
deingtaswong termeh*COjthabelbing experiment, @anathet present 
context, is the lack of specificity of which compounds one 
can label. As a further step to verifying an alteration in 
lipid metabolism, leaves of both wild type and PM11 were 
ieberedmins Vivopewithe t4Cacetate, eea Brelativedytispeci are 
precursor or lipid biosynthesis. Previous studies have 
demonstrated that '‘C-acetate is readily incorporated into 


deatwetatty acids (Slack and Roughan, 1975). In these 
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studies, when expanded spinach leaves were fed '‘*C-acetate 
they incorporated label into the acyl groups of typical 
membrane lipids phosphatidylcholine (45%), 
phosphatidylglycerol (20%) and diacylgalactosylglycerol 
(15%). Thus, the use of acetate allows prefential labelling 
cr@ches lipids, @which wasinoti possiblemwith. ‘#cose 

Another drawback of the 24 hour labelling experiment is 
tne crelatuve yas Longer imeteperncd required Eo ensure 
DERebration SoOfplesCOsBeinto themiatty acudsépoeolthsecauseror 
the long labelling period, both photosynthesis and dark 
respiration are abnormal in PM11 by the completion of the 
experiment. This could be of significance as it has been 
demonstrated that isolated chloroplasts will only synthesize 
fatty acids at rates Similar to those obtained with intact 
deavesemin AVivoled falacetater 4st imsedliastamprecursores The 
implication is that acetate derived from leaf mitochodia is 
the physiological fatty acid precursor (Murphy and Leech, 
1981). Since both PM11 mitochondria and chloroplast 
Eractuonscm® ares§malteredmebyae2 days ofechiltting 1eemighbinoe 
seemeunustal tol seeatalteratuonstiin Slipidyimetabolismey pin 
other words, one cannot be sure whether the altered lipid 
metabolism is causing chilling sensitivity or is a result of 
chilling sensitivity. ‘'‘CO, acetate labelling afforded an 
opportunity to approach this problem more directly since 


relatively short pulse - chase experiments could be 


performed. 


> 7 Rie 


einisca->** Godot 
iasigy: to “equeupe? My 
new) ani Lense 
lLogengis! yaoteatagigoe. Nans) of 
ovtiteds! Celsmeteig nativine 
oe? deze ot4jesey. tonne ae cam ” 
at siemigeges potvlesalsquet-as ot-ad Ae 
sane os Sotiapet <bepaee amt san 
te otiauinll . L40n | Pioe- ede ads gand ,03*' 
tied Sie eisortcqedsdda (peed. Setssg ont tiedsl pac 4 
aii %o robzeiqucs até goth (Ma cemsonds sis notae 
‘sod 2ed +! as astapibbipse db ed Sivoo eidT .ansuizs yas 
syimadiiove viao iLiw gyeaigotetds heietoai sed? bews 
‘saznt eit Seetetdo geGd? of tulieie esta4 48 ebise: ¥: 
oft .toemwoeas «2h Ege at 387958 Li oie nl 
zi sleodzetin test obs? devleeS.seasene Jedd epost qm 
fuend Gos ytou) 22a Hise bisd geeet teotaetoleysa » 
weiqovef¢= Sne  seiaseercesin’ 1108 aioe 
ron. teeter s2 pAsii4es Ge ayes YC esezie. ae 
=i ,naGiedegen Rayet’ #leeebtetsete © gene 
Sigil Gepetla ec9 sotsedw saite-ed toengs: 99 
19 #home> @ Bi 10 erivéstanse OREPLide, _ 
as Seteelie gmpilsdal eseseoe —* 
soiie weamtle stem ns. 


= Givpe eaeianiies 


saa 


81 


There are many possible variations of pulse-chase 
experiments. The procedure used was to label the plants 
under permissive conditions at 22°C for 12 hours to allow 
complete saturation of as many fatty acid pools as possible. 
Since the labelling is at permissive temperatures, the 
acetate should be metabolized normally. Plants were then 
shifted to non permissive temperatures (13°C), samples taken 
eyes 22, aeand 48 es hours afuerm themehaftt ancetne Pecans 
compared to samples taken at time 0 (before the shift). 
These time points represent the range of PM11 metabolism 
from normal (time 0) to drastically altered (48 hours). The 
twelve hours to 24 hour period is when mitochondial 
respiration begins to increase; the 24 to 48 hour period is 
when photosynthesis begins to decline (Fig. 3). A minor 
difference detected at the early times might be the cause of 
major changes in the metabolism of the mutant which become 
apparent later . The results of this experiment are 
presented on Table 5. The percentage of radioactivity in the 
Six most prominent compounds was quantitated by eluting 
spots from TLC plates and counting by liquid scintillation 
COUNLING.  e oINce none of the compounds have been 
unequivocally identified, they have been assigned numbers in 
Table 5. An autoradiogram of the TLC separation is presented 
Ge Pidte WA. 

The metabolism of iMCrlacerace under permissive 
temperatures (22°C) is similar in the mutant and wild type 


except for a slight increase of 2% (total incorporation) in 
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TABLE 5 


eG = fAcetate Vabeling of leaves of wild type and mutant 
Arabidopsis in vivo 


Time Seroun Compound 
a b Cc d u Vv 
0 WT ake 20 sa fie eee Sava Steal Site, 
PM 11 4.3 ie 28.4 EVIE oa 823 
12 WT Sas 2628 24.9 iow’ 3765 Soe / 
PM 11 oe 21.25 24.8 Zones Zi pel ape 
24 WT 4.3 De Datel 33.4 Sie she, 
PM 1 1 Ora 26.6 Pe Lied 24 Van 9 
48 WT Soe PEG eae 20,1 2650 4.6 14.4 
PM 11 4.2 ooo 18.0 20.4 4.6 Zi2hoa 


Plants were labeled with ‘‘C-acetate for 12 hours at 22° C 
byesapplicationm wot) label to leaves. Thewleaves were enen 
washed and the plants transfered to 13°C with continuous 
illumination. At the indicated times after the completion of 
the labelling, samples were taken for product analysis as 
described in Materials and Methods. The values in the table 
represent the percentage of the total incorporation into 
chloroform = soluble compounds. The compound numbers 
correspond to those on Plate &. 
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Plate IX 


Separation of non polar lipid fraction from the ** C-Acetate 


labelling experiment of wild type and mutant Arabidopsis at 
ieorae 


Lanes 1 and 2 are wild type and lane 3 and 4 are mutant PM 
11. Compounds are: (a)Phosphatidylinositol; 
(b)Phosphatidylcholine; (c)Phosphatidylgycerol and 
(d)Phosphatidyethanolamine (u)Unknown; (v)Unknown; 
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compound V in the mutant. Compound V_ represents both 
compound E and the neutral lipids and pigments seen in the 
24 hour '*CO, experiment. Exposure of plants to 13°C causes 
ao cdramatic increase (3 fold) in “the amount of label in 
compound V in the mutant, and a substantially less dramatic 
but consistent increase in the amount of label in this 
compound in the wild type. This supports the previous 
observation from ‘'‘CO, labelling which showed differential 
incorporation of label in this compound in the mutant and 
wild type after a 48 hour exposure to 13°C. 

However, the increase of label in compound V in the 
wild type following exposure to 13°C is in contrast with the 
'*CO, labelling results which showed a large decrease in 
compound V in the wild type as the temperature was lowered. 
Onespossibilipyois that gcompoundav Cinnethethecc? si “acetate 
labelling represents a different group of compounds than 
that seen in the '*CO, experiments. 

The TincreasewW in compound. 8Velinw\PMiteisrotiset byea 
decrease in compound U as compared to wild type. The levels 
of compound U appear to be similar in wild type and mutant 
at time 0, but the mutant shows a steady decrease to 50% of 
the JTevels® seen inewildttypesby 24 hours ofschilling. TDhis 
decrease tapers off at the 48 hour stage but there 1S still 
a substantial difference. All other compounds (A,B,C and D) 
remain relatively constant. 

To summarize, the increase in compound V seen in PM11 


is gradual and correlated with a decrease in the amount of 
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label in compound U. More importantly, the changes in lipid 
metabolism can be detected at the 12 hour stage, well before 
photosynthesis «beginss “to decline and juste before dark 
respiration increases, implying it might be a cause of these 
eworebieatstratherethan lasresult. 

Compounds A and B appear to be phosphatidylinositol and 
phosphatidylcholine on the basis of eG2migration of 
Standards. Compound C and D probably represent a mixture of 
phosphatidylethanolamine and phosphatidylglycerol. The wild 
type exhibits three major changes in lipid metabolism in 
response to a shift toscold temperatures Compound Cy and’ “DB 
show decreases of 30% and 16%, respectively, while compound 
V shows an increase of 3 fold. This suggests the wild type 
Vsmbacclimatings tol ithesrckhpl ling hatemperatiress@iny artime 
dependentwtasprongsi tis impertantito wncte thattz, cofmitchercrs 
compounds which change in response to chilling in the wild 
type show alterations as compared to wild type in _ the 
mutant. These results are consistent with the results from 
**CO;ulabelbingewhiehesuggested thatteadaption Eto Bchriving 
involves altered lipid metabolism. 

Gas Chromatography of Fatty Acids 

The ~abilieyettomenithstandeschiliing ern 7ur yan ee boLn 
porkiothermic animals and chilling sensitive plants has been 
associated with the degree of saturation of the fatty acids 
of the membranes (Lyon and Raison 1970). The higher’ the 
degree of unsaturation, the lower the temperature at which 
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membrane. Evidence for the importance of lipid unsaturation 
1S inferred in part from observed differences following 
exposure of many species to reduced temperature. For 
example, the transfer of Brassica napus to 5°C leads to 
increases in lenolenic (18:3) acid in roots and leaves. This 
increase iS most evident in the phosphatidylcholine and 
ethanolamine fraction of leaves and in neutral lipids and an 
undentified phospholipid of the roots (Smolnska and Kuiper, 
1977). However, there is some doubt as to whether the degree 
of unsaturation of the fatty acids plays a dominant role in 
determining the temperature at which the phase change occurs 
in the lipids of cellular membranes. Analysis of Passiflora 
Species which vary in their sensitivity to chilling revealed 
that pronounced differences in chilling sensitivity of the 
Passiflora species can be correlated with physical 
differences in their membrane lipids. However, the degree of 
unsaturation of the lipids varied only slightly and was not 
a reliable guide to chilling sensitivity (Patterson et al, 
1978). Furthermore the addition of cholesterol to synthetic 
phospholipids has been shown to lower the temperature of 
eransi tlonmunipis tat Pavethied gnolghanountem thejatransition 
vanishes (Willemot 1980). Therefore, it appears the sterols 
could play an important role in determining the temperature 
at which phase traSitions occur in membranes and that the 
degree of unsaturation of the fatty acids might not be as 


imporatant as it was once considered. 
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In view of these considerations the fatty acid 
Saturation levels of PM11 and wild type were examined. The 
"“  C labelling of wild type and PM11 has shown alterations 
in lipid metabolism in the mutant. Changes in the levels of 
Various lipid classes also ~shopld affect the total fatty 
acid composition of the plant, since each lipid class does 
not contain the same proportion of the different fatty 
acids. Therefore PM11 and wild type plants grown at 22°C and 
shifted to 13°C for 2 and 4 days were analysed for fatty 
acid composition and degree of Saturation by gas 
chromatography. The results are presented in Table 6. The 
fatty acid composition of the 8 major identifiable peaks 
revealed no major consistent or convincing differences 
between mutant and wild type. One peak of an _ undentified 
compound (#3) was substantially higher in wild type than in 
mutant, however this peak was of very variable amount as 
indicated by the high standard diviation and cannot be 
considered a convincing difference. A composite value _ for 
the degree of unsaturation has been described by Dogras et 
ale (iS77). Catculat tonpot the Mivalie fom. wilds typemsand 
mutant Arabidopsis revealed no difference (Table 7). In 
Contrast, to expectation. they watio or unsaturated to 
Saturated fatty acid decreased about 6% during the four day 
chulling period gins bothgeoMig Gaandeawildeetype. sehroneerhese 
results it appears that the effect of chilling on PMil is 
NOCEDL Inaba ly | iiascne degree of unsaturation. The difference 


in proportion of fatty acid UK 3 may bear reinvestigation. 
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TABEE G6 


Fatty acid composition of wild type and mutant Arabidopsis 


eet ee es ee ee ee Se SE ee 


Peak DD” ley € 13°C 
Compound Number WT Dayo PM11 WT Day2 PM11 WT Day4 PM14 
SS a es De Se i ed de ee eee ee eee eee SS eS 
UK# 1 1 2 OLORAS 1} SO), SV DROZEOR OT 2.62+0.14 PaieOnOse ~fOLO, 42 
UK#2 2 de 4OLOnt 4 1.88+0.28 1PAGLORO i, AOESO).. OW 1.34+0.16 1.494+0.20 
UK#3 3 ts}, Ghsiaer4l Ale) 2S Ones D _ svile xO) (OS 1.76+0.88 KG), Balees) _ (Si2} TeittOns Ss 
Palmitic 16:0 4 moO OnoS 14.68+0.02 15.46+1.97 (AeA Oma 12 Sexo). OS 14.09+0.69 
Palmitoleic WG.3 4] 5 DF 952 0RS2 D WPS) OS BOStOnte 2) {syyj280) OY! 22.8 Or 14 1.99+0.07 
UK#4 6 8.26+0.61 S) 7/220). S! Soe tOnOS 8.4640.31 Sie Seon 8.10+0.41 
Stearic 13e0) @ {22 OO 7, O (S720), VS to AEDESO). 71 1. Sse. VG 4. WRAESO) TM io SON. 
Oleic 1S 8 Di AOnA 4: 2.9940.34 2.88+0.67 ARGS EO mw ial A) Jaeexe),, 2 2), tiled Oy a5: 
Linoleic leis 9 1070720224 il il XS aK0) AHS) 1OrO22O =a a) paises). WEI Se 5 Oad2. TORSO eg 
Linolenic 18:3 10 AAD Sea. 48.4844 .96 AT eGo 2 an @ 46.39+6.56 44.28+5.66 NB). Bh lae Od ANS 
206 Wl ©), SEO) WE OFS5+07 12 ea Sean Of44+ OF © OE S+O205 
2ZOr 1 re, O20). 2i/ 0), Dea), We) aaa Saal Agee eagle 
UK#5 ls! ie (S280), SIS) AAS OLOs SSS SiS O0.84+0.04 ip. (RsesO) WS 


Plants grown at 22°C were shifted to 43°C and the indicated intervals samples were taken for fatty acid separation by 
GLC as described in Materials and Methods. The values represent the mean value for three plants. The peak numbers in the 
table correspond to those in Figure §&. 
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Ratio of unsaturated to saturated major fatty acids of wild 
type and mutant Arabidopsis following exposure to chilling 


temperature. 


Time of exposure to chilling temperature 


Strain 0 hours 48 hours 96 hours 
WT velo oss 5 Son oe hs) 


PM11 4.25 Sas A or a5 


The@ratso wmighinsatvratedgatot saturatedsamftattys: acids 


WaS 


Calculated from the date i Table 6 by the formularor Docras 
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This compound appeared to fluctuate in the wild type upon 
SxPOsurestO chil yng niecmec weGo m2. ODAC Ku C On Gs, ee GemEU ne 
bOvadl Milatty -Aclto scomposationss during “tne 1 OuresdaySero. 
exposure to cold temperature. The amount in PM11_ remained 
relatively constant at approximately 2% of the total fatty 
acid composition. Unknown 3 was later found to have the same 
retention time on the GLC as 14:0 suggesting it 15s 
myristate. Variability of Unknown 3 within samples of the 
Same day might also suggest it is an artifact of the 
isolation procedure. The remaining unknown peaks (1, 2, 4 
and 5) all appear similar in the mutant and wild type. A 
EyOlcalatracing, of the fatty acid composition of y wildy ifype 


and PM11 is presented as Figure 6. 
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Figure 6 


Gas Chromatography tracing of wild type Arabidopsis 


Typical seperation of fatty acids from Arabidopsis by gas 
chromatography. The numbers(#) correspond to Table V. 
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Figure 6 
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IVES DISCUSSION 

During the past 10 years many reports have appeared 
describing numerous events associated with cold stress in 
higher plants. These events range from physiological effects 
on photosynthesis and dark respiration to changes in 
membrane fluidity. However, in spite of the many studies, a 
complete understanding of what constitutes low temperature 
resistance, oroshowlr temperature? resultsc vinveingury, 1S 
lacking. A systematic study of a simple system or mechanism 
usually involves direct measurement of its components and 
Pactons  wthat! @directly?fettecceythat Smechanism.eurorstmore 
complex systems such as temperature stress, which appears to 
involve many unknown components, a different approach is 
necessary. This entails identifying each unknown component 
by altering that component so that it changes the response 
of the complete system to external stimuli. In principle, 
this facilitates identification of the component and its 
function by physiological and analytical comparison of the 
two systems which differ only in that response. The specific 
objective of this study, was to test this approach. The idea 
was to examine the possibility that a complex mechanism such 
as chilling resistance could be dissected one component at a 
time by the isolation of mutants which have lost chilling 
resistance. 

The approach depends on the undemonstrated assumption 
that at least some components of the resistance mechanism 


are dispensable at permissive temperatures. Mutants with 
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alterations in some component of the resistance mechanism 
would be chilling temperature sensitive and therefore non 
viable in non-freezing cold temperatures. A major conceptual 
probilemtwith tthe timethodi@its, Wilack lof specificity ineeune 
screening procedure. How does one distinguish a mutant with 
a temperature sensitive protein from a mutation which makes 
aetiormably \cchrelingm@etolerant iplant techni Ginggsensi pivezs ein 
principles the imostustravghtiornwa nd Stapproacih) would @ibe | ite 
demonstrate the presence of a metabolic or structural 
alteration which is expressed at both permissive and 
restrictive temperatures. Subsequent demonstration that the 
alteration confers chilling sensitivity can be achieved by 
showing Cinestoration ifof) thes alteratronetinvitselection erot 
revertants resistant to chilling temperatures. 

tretecontyast, ti fetthe: cold sensitivity of the mutant as 
due to a temperature sensitive enzyme, the mutant would be 
expected to be structurally and metabolically similar to 
wild type at permissive but not restrictive temperatures. 
Unfortunately these criteria provide no clue as to what kind 
of difference one might expect between the mutant and wild 
type. © The #initialieexperimental” ‘approach® was «therefore, 
designed to assay general areas of metabolism at a _ gross 
level. These measurements would hopefully provide 
information on the areas of metabolism that were affected by 
the mutation. This approach was then followed by introducing 
'4C - label into the major metabolic pools in the hope of 


indentifying an alteration at the metabolite level. 
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Intuitively one would expect a temperature sensitive enzyme 
to show an altered metabolite level in one or a_ group of 
closely related compounds. For a mutation in a-mechanism 
thvolvedtinechikling sensitivityeiteis diff icultatosepreduct 
the biochemical alteration but one might expect the 
phenotype of the mutant to mimic many of .the physiological 
responses to cold seen normally in cold sensitive species. 
The three main physiological responses of a ehvllung 
sensitive plant are 1)altered dark respiration rate, 
2)progressive loss of photosynthesis and 3)leakage of ions 
and electrolytes from tissue (Lyon et aj], 1979). 

A mutant was isolated that 1S sensitive to chilling 
temperatures (13 - 16°C). The mutation responsible for this 
effect shows mendelian segregation and has been tentatively 
designated the co/D?1 locus. 

Biochemical Characterization 

Because of the general effects of the co/D1 phenotype a 
number of parameters had to be determined before detailed 
biochemical analysis could be intiated. These were 1) the 
time frame needed under non permissive conditions to see a 
physiological change; #2) «the naturesof tthe changes iwhether 
progressive or sudden and 3) which areas of plant metabolism 
are effected initially. The temperature shift (Fig. 1) and 
gas exchange results (Figs. 3 and 4) suggest the lethal 
effects of the co/D1 mutation at chilling temperatures are 
progressive and cannot be measured until after 24 hours. of 


Stress. The lack of measurable effect on photosynthesis and 
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dark repiration under shorpittermeat (hetheur ) Pich#Lling 
eondreronsi( Migs. 2eandees) @himplies ethat imtheamcolDie gene 
product is not a temperature sensitive enzyme closely 
related@toteither of Sitheses functionsevashlectroneatransport 
studies (Table 2) show that the reduction of photosynthesis 
by 48ehourstisVi not Cduetator aledissruptionmeofis thesebight 
reactions which appear normal at this time. Verification 
that the co/]Di mutational effects on photosynthesis are 
secondary was shown by the lethal effects of this mutation 
undenidaukeccondrarons@math 0S9C ebTablies 1) sperTheVPlossd of 
chlorophyll probably reflects the reduced photosynthetic 
bPateStatternssedaysseoftexposure ito) fis° encase Theerconclusions 
drawn from these experiments at the gross level are that the 
colD1 mutation effects dark respiration, photosynthesis, and 
chlorophyll synthesis indirectly. However, dark respiration 
and the dark reactions of photosynthesis are effected in a 
progressive manner and these alterations probably contribute 
to the lethal effect of the mutation. 

Although these experiments helped in establishing a 
time frame in which to carry out physiological measurements 
of the plant under stressed conditions, they were relatively 
uninformative in terms of the function of the co/Di gene. 
The level of complexity and resolution of analysis was 
increased by labelling the major metabolic pools of the 
mutant under permissive and non permissive conditions with 
f*ee—label feCrude analysis sofethe drstnibutroniof 4*¢,-Label 


in the various classes of compounds revealed no striking 
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difference in amino acid or carbon metabolism (Plates II, 
DiiyelVy in shortsternmoraiong term labediangitimesifateinse 
C. However, an alteration in the metabolism of non polar 
compounds such as lipids and pigments was detected in the 
colD1 mutant exposed to 48 hours of chilling conditions 
(Plate V, VI, VII). One major change in labeled compounds 
(spot-E) and 9 minor changes could be detected. Further 
analysis®with. '*Cr=-csacetate, which) preferentialbly® labels 
lipids (Murphy and Leech, 1981; Slack and Rougham, 1975) 
demonstrated an increase in one compound (spot V) and a 
decrease in another (spot-U) relative to wild type (Table 
V). The changes reached maximal differences after 24 hours. 
Unfortunately the identify of these compounds has not been 


determined. They are believed to be phospholipids since the 


solvent systems used LOMtSeparatesvboth 4 *COee evand 
'4C-acetate non polar fractions were Specific for 
phospholipids. 

The onset of detectable changes aie hours) in 


conjunction with the lack of any other noticable differences 
in labeled metabolite levels suggests that the colD1 
mutation directly affects lipid metabolism. The changes in 
labeliing distribution could be due to an actual enzymatic 
defect in lipid metabolism or a defect in some other pathway 
of metabolism which indirectly causes a disruption in lipid 
metabolism. Evidence against this latter hypothesis is 
inferred from the lack of altered metabolism in any other 


aAteéa aseassayed by! ?*CO; labellingtat! 13°Cy 
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The increased dark respiration rate in the mutant after 
Sxpestmentod139C mstsimitarhto Bthe observationsmain “other 
chilling sensitive plants such as Episica reptans and 
Xanthium strumarium (Wilson 1979; Drake and Raschke 1974). 
Peroxidation of disintegrating membrane components and the 
general permeability of all membranes has been suggested as 
a possible reason for this phenomenom in these plant species 
(Graham and Patterson, 1982). Although this is a possibility 
in the co/jD! mutant, this effect would be expected to 
disrupt not only lipid metabolism but also other metabolic 
functions quite early after onset. The results of this study 
are insufficient to explain the increase in CO, evolution in 
the dank following? chailing? 

The alterations in lipid metabolism are not reflected 
in altered saturation/unsaturation levels in the co/D!1 
mutant suggesting that changes at the total lipid pool level 
are small and cannot be detected by gas chromotography of 
total leaf fatty acids. However, the level of saturation 
does not appear to play a major role in providing chilling 
resistance to Arabidopsis since the ratio of unsaturation to 
Saturation does not increase in the wild type response to 
ehidiingeiTableaspr 

It appears, therefore, that the primary effect of the 
colD1 mutation is disruption of normal lipid metabolism. The 
Gomplexity of Sthe alterede labellingspatternmreflectsethe 
elaborate pathway by which lipids are synthesized (Rougham 


and Slack 1982 for review). A major step in resolving the 
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nature of the defect will be to identify the compounds which 
have changed and determine how they relate to each other 
from known pathway descriptions. These determination will be 
complicated since each spot revealed by TLC may contain a 
range of compounds which share a common polar head group. 
Therefore, each spot will have to be separated into its 
constituents by GC analysis. 

ther col Diregene-stanpoduct. appears Ojto Tplay: —aeprakes an 
adjusting tlipidaimetabokssme to erchtbhing deconditnonss Upon 
examination of the wild type ‘‘*CO, labelling patterns at 
22464 and ¢i3 Gudiufferences srrie3 compoundsiptspot eX, evieetisecan 
be detected. The reduction in spot E and the disappearance 
of spot X and Y could be due to a response of wild type 
Arabidopsis to chilling temperature. This acclimation 
process does not appear to occur in the co/D/ mutant for 
Spor EK germicontrastena therm Ldiatype athe Beamountiggommslaber 
entering this compound in the mutant is approximately the 
Same at either temperature and 1S similar to the amount seen 
Bi eiahneriwild stypertat e22ntC thutemio tia ls4GnGr bat ceVveand) Vani 
This suggests that a possible effect of the co/jD/ mutation 
poetsine a lteratrompinethenplante gab mot yao fadqustieut sel aod 
metabolism in response to changes in temperature. Further 
Supportemefor ithiswahypothesys, ecomessfrom ithe ipuise flechase 
experiments performed with '*C - aetate (Table 5). Compounds 
Gad U tana V ‘show . a ichangéemonedrstrebutiuon tim respomge td 
chilling in the wild type. However, compounds U and V in the 


Co]D1 mutant show an altered response relative to wild type. 
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wherefore; @n3 Gots 6rphospholipids whichtappeari fovadqustein 
response to chilling as discerned by ‘'*CO, and '‘‘C - acetate 
labelling studies show altered distribution levels in the 
mutant at cold temperature. However, caution must be used in 
interpreting changes in labelling patterns of pathways due 
to the direct effects of temperature on enzyme kinetics. The 
rates rote most enzymatwe Biunctionst doublesiwithpeach! 10°C 
increase in temperature (Q,, = 2.0). These temperature 
coefficients vary between enzymes depending on _ the 
activation energy of the catalysed reaction. The changes’ in 
lipid distribution may only be a response of enzymes of 
these pathways to differential temperature and bear no 
relationship to an acclimation mechanism. 
System Analysis 

It is difficult to assess the potential usefulness of 
this genetic approach to analysing the mechanisms of 
temperature stress in higher plants because the results are 
oOniyepreliminary. Isolation and) furtherticharacterizationmaot 
a spectrum of mutants might reveal patterns of defects which 
are prevalent and therefore provide a better insight into 
whether the system is worth pursuing. The frequency of cold 
Ssensitiveromutants»* in sany EMS® treatedaaM2? population? fof 
Anabidopsis ‘is about) 10°42) In) contrast) tmutations affecting 
photonespination arisesmatG@a frequency@roteri0 © (Somerville 
and Ogren, alCHooneaThiSme sUggeSscemams limi tedaeinumbersfor 
mechanisms foresicontering® a woova temperature sensitive 


phenotype to Arabidopsis. While the chemical basis of loss 


= _ ik 7 
eee > ; - ay oe 
a 77 7 : . ‘ 
ai Saukan or vesqds aoe ahigiiodqesig 4°30 
ow, a _ < 
asa%acq. --)* | Sune. 09?" Va wes2 ib aa onrilido ®: 
as } . ce : 
ot etéeval jessuntesat® hevante woe oe odes 


- 
beny a¢d daam soLsuas ,Saveuge | tad fa s she s3U 


ai 2 ¢encisate do -snteasied gah itedes 1 sopnass sean 


iT = eanise « “a Ae Piste arenes (‘49 svete 
Dar d*iw esldvob eid) tomply -ofveayens 2 


\eeaesaes say «60 (OLE? ot © rece neqean” ai sa: azon! 

ag! 9 "0 =a (haasget th Gre ndoaecod (7? 6V aanats 33909 

ry - «eres / baeyiasis 642 Ie — rok witos 

gaogeet a ed -yten eer ool tod s2t6 DEqeL 

ar mesesequad feisesretTE® 07. eyevilzeq 9 ott 

2t*aiten tobtamklone oe ed qidgapis 

oie oleae 
90) le Seadsavas stint * » 

vei fsiepiare oF “eaesgge 6S pit: 


- 


; :figest «4° eqggcett elhaie  yedgia we eer orwse a a2 
wos iasiresserads sensee' tng aot tates qradiattes >a ene 
Aotav aesebeb do ansatsem lgseo? gfSin arns208 y wsseqe 
ott totfamt <etrad +s e@ivdin eee orade Ska 
Sio> Io Veagugess! af? Joniuewd) aateF Ge eaeqe @ 

' Feo notraiugeg 8 Sesayes et ir: wt - a 
7 $eél2asite, en prennaiie a a 2° 
siiivseme2) '°0) to yonwagead 5 
4 ‘<aahen toes e afany 
pa — nine ae 


223 a bee chal on m4 
7 , a7 4 i | 
oo 


of function of a protein at high temperature is understood 
(le. weakening of chemical bonds maintaining the structure 
of the protein, resulting in denaturation), mechanisms for 
Josss of tfunction! atwelowa’ temperature ‘are® less réadily 
apparentiy’ Thet@reconstituraont@of Brahbosomesnymeyv i troevakes 
place by a reaction which is dependent on temperature. 
Therefore, it has been argued that mutations which affect 
assembly processes might be detected at cold temperature. 
However, aside from a few exceptions like ribosomal mutants 
theyvetfects ofochillingson proteintstructureatare “not swell 
understood. 

There 1S no readily available experimental evidence to 
indicate that proteins undergo conformational changes over a 
narrow range of temperatures. However, it has been suggested 
that solidification of membrance Lapras at low temperature 
may cause changes in the configuration of membrane bound 
enzymes and transporters (Lyon 1979). Major support for this 
theorynis: derivedhiromhethewmcorrolatronerot Tass got®emany 
protein functions with changes in membrane fluidity (Lyon 
1979 for review). The general consensus is that plants which 
Can maintain membrane fluidity at low temperature are 
chilling tolerant whereas plants that cannot are chilling 
Sensitivesreltieis Bparticolarlyeinterestungethererorenntuat 
theeponesumutantmessolateds sby. them@acritenita gor chilbing 
sensitivity is defective in lipid metabolism. 

The co/]D1 mutation confers on Arabidopsis many of the 


characteristics of a typical chilling sensitive species. 
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Dark respiration increases in response to chilling are seen 
in a number ‘of ‘chilling sensitive’ plants (Exe reptans, X: 
strumanium). Photosynthesis shows a slow progressive decline 
Wid ChEtiSiypicalticofivalmostiial 1 ttchitMingm@tsensmerves plants. 
The co/Df mutation also confers drought sensitvity to the 
plant. If the co/D1 mutants are not watered twice a day they 
bequne® tart yellow Olandh rorow Sipoorlivy. eiThem@ii rsitsymotoms of 
chilling injury in many agriculturally important species is 
wilting and the appearance of necrotic patches on the 
leaves. These observations have led investigators to suggest 
that the permeability of the plasmalemma to water and ions 
increases aS a reSult of a phase transition in the membrane 
lipids (Wilson 1979). Wilson has also shown that certain 
chilling sensitive plant species (eg: Phaseolis vulgaris) 
can be chill hardened if exposed to 100% relative humidity 
at 5°C. The effect has been explained by the fact that 
stomates open in response to chilling and the water loss can 
be counteracted by the humid atmosphere. The cause of 
stomatal opening is unknown, but a phase change in the 
membranes of the guard cells could alter their permeability 
properties. 

The effects of the co/D1 mutation on photosynthesis and 
dank JiresprratvonOrare! Siprogressive tandoccunilater pthan the 
alteration in lipid metabolism. (Table 1 and III). Because 
the | lipid ‘changes’ ‘occur before’ photosynthesis and other 
funct bons, begin ito) decline: ithis ttimplies sthaiti) ithe St primary 


effect of the mutation is to alter lipid metabolism and that 
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the other changes observed are secondary effects of stress. 

An alteration in lipid composition whereby the lipid 
bilayer cannot remain fluid at 13°C will cause the membrane 
to solidify gradually due to its heterogenity. Small 
clusters of highly saturated lipids:will’be transformed into 
rigid aggregates followed by a steady rise in the size and 
number of solid phase domains. This gradual change would be 
characterized by a progressive loss of enzymatic paneer 
rather than a sudden decrease in activity. 

This hypothesis suggests, therefore, that the minor 
changes seen in phospholipid content in the co/D7 mutant 
could be responsible for the loss of the ability to maintain 
fluid membranes. The role of phospholipid polar head groups 
in regulating the fluidity of membranes of higher plants has 
not been sascertained. However, a more that 30°C difference 
in transition temperature between pure phosphatidylcholine 
and phosphotidylethanolamine having the same saturation acyl 
chain compositon has been shown (Cronan, 1978). Other 
workers have shown that when dipalmityl and mysritate 
phosphatidylcholines (transition temperatures 41°C and 23°C 
respectively) were added to polar lipids from chilling 
resistantmplantspmamtransitionmpocctred @anoundaeyiam em  CmunG 
(Wright and Raison, 1981). Normally these polar lipids show 
no transition in response to chilling down to 0 - 2°C and 
onlyei%eof bothvadditives#weresneeded) tosinduce) thissetfect. 
ThisewOrkiSsiuggesStsethat Strancerion BLOtmo —SSolidgestate aus 


co-operative in the membrane. When one or a small mixture of 
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phopholipids begin to change from a liquid - crystalline 
Stabeetomocel “stategthem@other Bdirprdeispecies® wil igpiol low: 
Therefore, the range of resistance to chilling temperatures 
in a plant could be dependent on the amounts of minor 
phospholipids existing in the membrane. The increase in some 
ofethenlipidsecompounds intethevemutant eleouldmeleadwetoara 
co-operative transition of the lipid membranes at a much 
higher temperature than seen in the wild type. For Oeiniee 
it may be envisioned that the wild type normally reduces the 
amount of certain lipid compounds in response to reduced 
temperature because they will cause a co-operative 
transition of all the phospholipids. It seems possible that 
the colD1 mutant does not or cannot remove these compounds 
and therefore a phase transition takes place cauSing a 
chilling sensitive effect. The reason why the mutant cannot 
remove these compounds could be due to a defective enzyme or 
amedetect in the ability to “turn on" this enzyme (ieva 
defect in acclimation). Since temperature would be the 
regulator of such a system, mutants defective in induction 
will appear cold sensitive because of lack of induction 
PeddinGmrorchil i ngGeinguLy, 

The mechanism by which temperature could regulate such 
a process might be similar to the mechanism suggested for 
regulation of ‘fatty acid desaturases in Tetrahymena 
(Thompson, 1979). Thompson and co-workers believe membrane 
Gecrarty el tSelfiweiS ea = tegulatingeetactOnescOntLO] lingmatue 


activity of the membrane bound fatty acid deSaturases. 
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Membrane changes due to lipid phase changes result in 
displacement of proteins into new positions or conformations 
which enhance or depress activity. 

A Similar hypothesis might apply to the co/D1 gene 
proauct. This locus could encode a membrane embedded 
protein. Under normal circumstances when the membrane 
fluidity decreases the enzyme is brought into a *more 
favourable configuration to carry out its function which is 
to remove or alter compounds in the membrane. A defective 
enzyme that cannot respond to temperature and, therefore, 
Cannot carryrnourtathi sastunctuonSgwillgrcause-thetplant to 
become chilling sensitive. 

Thus, it is apparent that although the approach 
described here has promise as a novel methodology, the 
possiblesr ,complexityacot, the chilling response is likely to 
preclude the formulation of a simplistic all embracing 


theory. 
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